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PREFACE 


This monograph is essentially a compilation of a series of lectures given 
by the author to the Piezoelectric Crystal Device Department of Bell Tele- 
phone Laboratories at the invitation of Dr. W. J. Spencer. The lectures 
were given, between March 1965 and April 1966, in order to acquaint the 
people in the department with the very relevant theoretical techniques that 
had been developed and systematically employed by Prof. R. D. Mindlin 
of Columbia University during the preceding fifteen years. The lectures 
appear to have been somewhat successful in that a number of people who 
attended them and had been unfamiliar with the viewpoints and techniques 
before have been using them since. 

Although most of Prof. Mindlin’s work was on the vibrations of 
elastic plates, this monograph is concerned with the vibrations of piezo- 
electric plates. In addition, the basic differential equations and boundary 
conditions governing the behavior of the linear, piezoelectric continuum 
are developed systematically from fundamental continuum concepts. The 
field-theoretic viewpoint adopted is quite different from the lumped-circuit 
attitude prevalent in existing works on this subject. This treatment is more 
akin to certain treatments of the linear theory of elastic waves and vibra- 
tions available in the current literature. During the period in which the 
lectures were being delivered the monolithic crystal filter was discovered 
by R. A. Sykes and W. D. Beaver.* As a consequence, the theory presented 
was applied to the analysis of such a structure at a very early stage in its 
development. | 

It is intended that this monograph can be used as a nucleus for a gra- 
duate course or a seminar in piezoelectric vibration theory. It is also felt 
that it can be read, with some effort, by a reasonably competent individual 
knowing something about the rudiments of elasticity and electromagnetism, 
and that this effort can enable him to engage in timely research in this 
field. 

The author would like to take this opportunity to thank W. J. Spencer 
for suggesting that the lectures be given, for constant encouragement, and 


* Work on the same type of structure was done by Prof. M. Onoe at the Institute of 
Industrial Science of the University of Tokyo. 
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for indispensable help with the preparation of a preliminary version of this 
monograph; A. H. Meitzler and J. H. Rowen for their support and en- 
couragement throughout; and all those who attended the lectures for their 
time, effort, and patience. I wish to thank Mrs. E. Jenkins for doing a 
magnificent typing job on the final version of this manuscript under very 
trying circumstances. I also wish to thank Prof. J. L. Bleustein of Yale 
University for some useful comments and for providing a list of corrections 
to the preliminary version of this monograph. The author, of course, takes 
full responsibility for any errors and inadequacies that remain. 

H.F.T. 
Murray Hill, New Jersey 
July 1968 
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INTRODUCTION 


The small vibrations of piezoelectric bodies are governed by the equa- 
tions of the linear theory of piezoelectricity. In piezoelectricity the quasi- 
static electric field is coupled to the dynamic mechanical motion. To be 
more specific, the equations of linear elasticity are coupled to the charge 
equation of electrostatics by means of the piezoelectric constants. The 
equations of piezoelectricity have been available and used since the days 
of Voigt (1). Although there are a reasonable number of books on piezo- 
electricity currently available (3), they are all written from different prac- 
tical points of view, and use the theory sporadically without a systematic 
development. In fact, a systematic derivation of the equations and relevant 
boundary conditions appears to be virtually nonexistent in the open liter- 
ature, with the exception of the work of Mindlin (*), which is very brief. 
Moreover, all the existing texts discuss the piezoelectric vibrations of bodies 
only in the simplest cases of the one-wave thickness vibrations and the 
extremely low-frequency extensional and flexural vibrations of thin rods. 
In addition, considerations of large piezoelectric coupling are completely 
absent in texts on this subject except for discussions of the simplest cases 
of elementary thickness vibrations. However, during the past two decades 
techniques for the solution of more complicated piezoelectric plate vibration 
problems have been developed and employed, and appear in the current 
research literature, although not in the texts on the subject. Although there 
are a number of such methods, the technique that has been most used and 
the one that seems most fruitful to this author is the one resulting from the 
investigations of Prof. R. D. Mindlin of Columbia University and some of 
his students. Even though Prof. Mindlin has written a very valuable mono- 
graph (5) on the vibrations of elastic plates which appeared as a Signal 
Corps report, it was never published as a book. As a consequence, it is, 
unfortunately, not readily available, and some acquaintance with much of 
its contents is essential to an understanding of much of the current literature 
on this subject. Hence it seems advisable at this time to prepare for publica- 
tion the present rather brief monograph, which originated as a series of 
lectures given by the author within Bell Telephone Laboratories at the 
request of W. J. Spencer, and which includes some very relevant material 
(and ideas) that appear (in greater detail) in the Signal Corps monograph 
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by Mindlin. However, it should be noted that the material presented here 
includes the piezoelectric interaction, whereas Mindlin’s monograph was 
devoted to the vibrations of purely elastic plates. In addition, linear piezo- 
electric theory is developed in some detail and some space is devoted to a 
discussion of approximation techniques other than the ones considered by 
Mindlin in his monograph. 

The material presented can broadly be separated into four categories: 


1. The development of the three-dimensional linear differential equa- 
tions and appropriate boundary condition. 

2. Solution of pertinent three-dimensional standing wave problems, 
which can be solved and serve as the basis of the approximation techniques. 

3. The approximation techniques. 

4. Applications to practical problems. 


In developing the three-dimensional theory, the mechanical concepts 
of infinitesimal deformation and stress are presented in some detail, but 
the electrical discussion proceeds from Maxwell’s equations, which are 
assumed to be known. However, the quasistatic electric field equations, 
which are used in linear piezoelectric theory, are obtained from Maxwell’s 
equations, and the attendant assumptions and limitations are carefully 
delineated. The degenerate form of the Poynting vector for the quasistatic 
electric field and the conditions for its validity appear naturally in the course 
of the derivation. At this point it should be noted that the importance of 
the word linear appearing in the title of this monograph cannot be over- 
emphasized. The assumption of linearity is far-reaching and obscures much 
interesting physical detail which is of no importance for the type of small 
vibrations being described. As a consequence of this assumption, con- 
sideration of such things as electric body forces and couples and the distinc- 
tion between the final and initial position are omitted, along with a number 
of other related things. Almost all of the equations presented rest, in one 
way or another, on this assumption of linearity, and if a situation is to be 
described in which nonlinear effects are present, the entire description pre- 
sented in this monograph must be abandoned and the appropriate invariant, 
nonlinear description derived. Important results concerning the nonlinear 
theory have been presented by Toupin (°), but are not needed or included 
in this monograph. A derivation of Hamilton’s variational principle for 
the linear piezoelectric continuum is included, since it is needed for a number 
of the approximate techniques. 

The three-dimensional problems that are presented, which are extremely 
important for the approximate techniques of vibration analysis developed 
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later, are the thickness vibrations of piezoelectric plates and two-dimensional 
standing eigenwaves in plates, which, fortunately, are problems that can be 
solved exactly in the framework of the three-dimensional theory. If all the 
vibration problems could be solved exactly within the framework of the 
three-dimensional theory, there would be no need for approximation tech- 
nique. However, this is not the case, and approximation techniques are 
almost always required in any real physical problem. 

The approximation techniques that are developed are not perturbation 
techniques in any sense. Actually, three techniques are discussed. Two of 
these take modal solutions of the three-dimensional equations just men- 
tioned; these solutions satisfy the differential equations and boundary con- 
ditions on the major surfaces of the plate exactly, and a number of such 
solutions are summed so as to satisfy the remaining boundary conditions 
on the minor surfaces approximately, using either the variational formula- 
tion or the method of least squares. The third technique, which is consider- 
ed to be most fruitful and is concentrated on most heavily, is somewhat 
different in philosophy from the other two, in that the variational formula- 
tion is used to construct a system of approximate two-dimensional plate 
equations, which may then be solved exactly in some instances in which 
the three-dimensional equations cannot. This latter procedure originated 
with Poisson, Cauchy, and Kirchhoff in the development of the classical 
theory of elastic plates, and has been developed most extensively by Mindlin. 
A great deal of present research in the area of piezoelectric plate vibrations 
uses these approximate equations. In this monograph a further simplifica- 
tion in these equations is introduced, and the more tractable thickness-shear 
approximation is obtained along with the appropriate edge conditions in a 
manner exhibiting the natural limitations inherent in the approximation. 
However, these latter equations turn out to be extremely accurate in the 
frequency range of most practical interest, i.e., in the vicinity of the thick- 
ness-shear frequency. | 

These equations are applied in the description of the steady-state forced 
vibrations of a monolithic crystal structure. Structures of this type show 
great promise of significantly furthering the crystal filter art, and, indeed, 
have been fabricated and used and are already available commercially. 
Another area of application of these approximate procedures is in the design 
of AT cut quartz resonators and thickness-shear resonators using high 
coupling materials. 


Chapter 1 


ELEMENTS OF VECTOR 
AND TENSOR NOTATION 


1. CARTESIAN COORDINATE TRANSFORMATIONS 


Consider the orthogonal coordinate system with axes x,, х,, and x, 
shown in Fig. 1. The base vectors are e; (i = 1, 2, 3), where |e;| = 1. Clearly, 
the vector r may be written 


r = е;х; = ex, + ex, + exs, (1.1) 
and since the coordinate system is orthogonal, 
e;-e; = д, (1.2) 
where д; is the Kronecker delta defined by 
6;=1 if i=j (1.3) 
=0 if ij, 


and we have introduced the summation convention (?) for repeated indices. 


7 
X2 Xe 





/ 
Be 
X3 

Fig. 1. Rectangular Cartesian coordinate axes. 
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2 Elements of Vector and Tensor Notation [Ch. 1 


A vector is an invariant quantity, i.e., it is independent of the frame of 
reference in which its components are measured; this is why it is useful 
for the description of physical phenomena. Consider another orthogonal 
coordinate system x,’ (shown dotted in Fig. 1). Then we may write 


r = ех =—е;х; (1.4) 


I 


Remembering that e;-e; = ô; and е-е = Ôm, upon dotting e, into 


both sides of (1.4) we obtain Xm = e,,:ejx;. Let Gn; = e;':e;; then 
Xm = 4;Х;› (1.5) 


which is the transformation law for the components of a first rank tensor. 
Similarly, we have 
Xj = ayxi , (1.6) 


which is the transformation law going the other way. Note the placement 
of the indices in (1.5) and (1.6). Since г = (r-e;)e;, and r can be еу, we 
have 

e; = (e;'-e;)e;, 


from which we obtain 
em е = (ej - ei)es -ei, 
which with the definition of ami, (1.2), and (1.4) yields 
анамы = дм. (1.7) 


Similarly, we obtain 
ана = дуу. (1.8) 


Equations (1.7) and (1.8) are the orthogonality relations, which tell us that 
the transformation from one orthogonal coordinate system to another is 
orthogonal. 

Since det 8д;; = 1 and the determinant of a matrix product is equal to 
the product of the determinants, we must have 


det ay = layl = + 1. (1.9) 


Proper rotations have det а; = + 1, and improper rotations — 1. Inver- 
sion and reflection operations give improper rotations. 
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2. VECTORIAL OPERATIONS 
AND INTEGRAL THEOREMS 


According to any text on vector and/or tensor analysis, the scalar 
product of any two vectors A and B may be written 


A-B = А;е;· Be; = A;B;. (1.10) 
Similarly, the vector product may be written 
AXB = A,e; x Be; = AjB;e;Xe;, (1.11) 


and we may write 
е; хе; — ёкек› (1.12) 


where e; is the three-dimensional skew-symmetric tensor or Levi-Civita 
symbol defined by 


Cin = + 1 if ijk is a cyclic permutation of 1, 2, 3 
0 if any two indices are equal (1.13) 


= — ] if ijk is an anticyclic permutation, 


іп any coordinate system; hence е; does not transform as a tensor under 
improper transformations. Substituting from (1.12) into (1.11), we obtain 


AXB = ei A Bey, = Cp; A Bey, ; (1.14) 


which shows that A x B is not a true (polar) vector. In other words, (1.14) 
shows that A x B behaves as a vector under proper rotations, but not under 
improper rotations. It is the vectorial representation of an antisymmetric 
second rank tensor in three-dimensional space. It is very useful in 3-space, 
but not in spaces of higher dimensions. It is called a dual, oriented, or 
relative quantity by mathematicians, and either an axial or pseudo vector 
by physicists. 

Texts on vector and tensor analysis define the spatial differential opera- 
tor V by 


a a a a 
ax, C" д 9 Ox, C Oxy 


V 


Il 


е; 





(1.15) 


Then we may write the gradient of a scalar ф in the form 


Vo = е; дф/дх; = eig, (1.16) 
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where the comma followed by an index denotes differentiation with respect 
to the space coordinate x;. Clearly, we may write the divergence and curl 
of a vector A in the forms 


V.A = 0A,/Ox; = A; i> (1.17) 
VxA= (e; 0/0x;) Xe, Ax == e; X eA, j — C ij ei An, j (1.18) 


There exist the following integral theorems, which we write in both vector 
and Cartesian tensor notation 


I. n-A ds = [,7-A dV , (1.19a) 
I. n,A, ds = f, Aia dV, (1.195) 

A- dr = | n-(V x A) ds, (1.20a) 
A; dx; = | п;е; Ар, j ds , (1.205) 


where S denotes a closed surface enclosing a volume V, and c a closed 
curve enclosing an open area s. 


3. DYADICS AND HIGHER RANK TENSORS 


Let A = А,е; and B = Bje;. Form the outer product P = AB (no dot, 
nO CrOSS), i.e., 


P = AB = А;е;В,е; = е;А;В;е, = e;Pj;e;: (1.21) 


The symbol P represents a dyadic or second rank tensor, and Pj; are its 
nine components in a rectangular Cartesian coordinate system. A dyadic 
(second rank tensor) is an invariant just like a vector (first rank tensor) 
and scalar (zero rank tensor). Consequently, from (1.21) we have 


P = ejP;e; =e) Pise, » (1.22) 


from which we may obtain the transformation law for the components of 
second rank tensors by successively dotting both sides of (1.22) with primed 
base vectors as we did in obtaining (1.5) for the transformation of the 
components of vectors. The resulting transformation laws for second rank 
tensors corresponding to (1.5) and (1.6) for vectors are 
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Pim = ана Р, (1.23) 
Pi = анамРуһ. (1.24) 


In a similar way we may form triads or third rank tensors and tetrads or 
fourth rank tensors, and so on. The transformation law always turns out 
to be of the form 


Н imnays... = Gia dard ys; H ists... . (1.25) 


In Cartesian tensor notation we simply write the components and ignore 
the base vectors. 


4. PROPERTIES OF ANTISYMMETRIC 
SECOND RANK TENSORS 


We will now show that there is a one-to-one correspondence between 
an antisymmetric second rank polar tensor and an axial vector. Consider 
wlw = €;0i;e;), where 


Oi = — wji(w = — wT). (1.26) 


Clearly there are three independent components, i.e., the number of inde- 
pendent components possessed by a vector in 3-space. Form the vector © 
from the tensor w by 


Q; = зе: , (1.27) 


and Q = e,{2, is an axial vector, whereas w is a polar tensor (dyadic). 
Note that 


— — 1 
On = eim Qi =  39CilmC ijk jk » (1.28) 


since we have the well-known tensor identity between the Levi-Civita and 
Kronecker symbols 


тёк = 01; O mk — ддз. (1.29) 
Consider the polar vector v =w-r. Then 
VW = Oi; = еы rX; == егьх,), ‚ (1.30a) 


and 
V=o-er=rxQ. (1.305) 
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5. PROPERTIES OF SYMMETRIC 
SECOND RANK TENSORS 


Let us now determine the eigenvalues and eigenvectors of a symmetric 
matrix. Consider S;;(S = e;jSj;ej), where 


Su — A (CS — ST). (1.31) 


Consider S operating on r to form v, where v is any other vector. Then 
we have 
y — Sr VW = SiX;. (1.32) 


Now ask whether there are directions whereby v = S-r is in the direction г. 
This may be stated mathematically by writing v — Ar, where 4 is a scalar 
multiplier. Then from (1.32) we have 


Sux; = Ах; ; (1.33) 
and 
(Si; — 4д)х; == 0 А (1.34) 


which can have nontrivial solutions only if the determinant of the coefficients 
of x; vanishes, i.e., if 


Equation (1.35) is a cubic equation and yields 3 A's. Each 1% (n = 1, 2, 3) 
determines amplitude ratios x. Let A™ denote the complex conjugate 
of A™ and x™ denote the complex conjugate of x”. Taking the complex 
conjugate of (1.33) for A™, i.e., of Syx™ = AO x(?, we get 


—” —” 
5:00 = AMM, (1.36) 
Or 
Sx = TZ, (1.37) 
Form 
KOS gx — x) S, xt — (AW — AM) XY KO ; 
and 


RP SXP — XP Sixj? = AM — А) ОО = 0, (1.38) 


where we have used (1.31), (1.33), and (1.37) in obtaining (1.38). Since 
xX is real, AM = A™, and A™ is real. Thus x is real, since it is 
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determined from linear equations which contain only real quantities. Now 
assume all A? distinct (no degeneracy). Normalize x so that x(? ХО” = 1, 
ie. x("x(" = Ni, and xX” = x(?/N«,. The e,x are eigenvectors, one 
eigenvector for each value of n. Thus there are three eigenvectors. We can 
write the x (п = 1, 2,3; j = 1, 2, 3) as x,; and consider them as a 3x3 
array which is a transformation. We will now show that for distinct A? 
the eigenvectors е;х?” are mutually orthogonal, or what is the same thing, 
that the transformation given by the Х„; 1s orthogonal. To this end, we 
write the eigenvalue equation for two distinct values of n = l,m, 


50 = APIP, (1.39a) 
95,0%) = An xem А (1.395) 
and form 


XMS XD — KOS, x(m — (AM — До) 00 xem ; 


from which with (1.31) we have 


(А — Alm) xD Xm) — 0. (1.40) 


Since AU ~ A™ and XMX™ = 1, from (1.40) we have x(Px(" = ôm, 
and the eigenvectors are orthogonal; thus x;;X,,; = дһ, and the transforma- 
tion is orthogonal. Let us now transform the S;; to the particular orthogonal 
coordinate system which 1s composed of the aforementioned eigenvectors. 
It 1s clear that we may do this by writing 


Sim — ХХ); 
but from (1.395) we have 
XmjSij — S,xiem — Дот) хт) 

so that 

Sim — XA 00 xem — ZD Дт) xim — ДО д im. (1.41) 
From (1.41) it is clear that in the coordinate system composed of the eigen- 
vectors the S matrix is diagonal, and the diagonal values are equal to the 
eigenvalues. In the case of a degeneracy it turns out that the eigenvectors 
are not unique but may be selected to be orthogonal. For a discussion of 


the degenerate case when two or even all three of the eigenvalues are equal 
see (5), Section 72. 
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6. LAGRANGIAN UNDETERMINED MULTIPLIERS 


We will now consider the stationary value of a function F(x) = F(x,, 
Xə, Хз). For a stationary value of F at P we have 


dF = (OF /0x,) |p dx, = 0. (1.42) 
Since all dx; are arbitrary, we have the three independent conditions 
(QF[0x,) |p = 0. (1.43) 


However, suppose we want F to be stationary but the variables x, are not 
independent and satisfy an additional relation of the form 


g(x) = c. (1.44) 


Now we cannot have (QF/0x,) |p = 0, since all the dx, are no longer ar- 
bitrary. Nevertheless, we can solve (1.44) for any one of the х; in terms 
of the other two, and then make F(x,) stationary with respect to the other 
two. However, this is a cumbersome and unnecessarily selective and asym- 
metric procedure. However, by taking the total differential of (1.44) and 
solving for any one of the dx, in terms of the other two and substituting 
in (1.42), it can be shown that we can proceed in a more symmetric and 
less cumbersome manner by introducing an unknown scalar multiplier A 
and forming 

OF 0g 


Ox, — A 3 dx; = 0. (1.45) 





dF — à dg = ( 


This procedure can also be viewed as selecting 4 so that any one of the 
terms in parentheses vanishes. Then the other two dx, are independent, 
and the coefficients can be equated to zero independently. We can find the 
additional unknown 4 from the condition (1.44). Thus we can obtain a 
stationary value of F, subject to (1.44), by making 


H=F-—A(g—c) (1.46) 


stationary and allowing all dx; to be arbitrary. 
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ELEMENTS OF THE LINEAR THEORY 
OF PIEZOELECTRICITY 


Chapter 2 
MECHANICAL CONSIDERATIONS 


1. DEFINITION OF THE FIELD VARIABLES 
AND THE CONSERVATION EQUATIONS 


In a mechanical continuum two distinct types of forces act, body 
forces f and contact forces t. The body forces arise as a result of some 
distant action. They are long-range forces. The contact forces arise as a 
result of the contact of adjacent elements of a body. Macroscopically 
speaking, they are surface forces. Microscopically, they are caused by very 
short-range near-neighbor interactions between adjacent microscopic ele- 
ments. The body force exerted by electric or magnetic fields will be neglected 
below. We will also neglect body-couples and surface-couples as well. The 
quantities being neglected can be shown to be very small in the linear theory 
with which we will be concerned. 

The traction vector t(n) is defined as the force per unit area acting on 
a surface, usually exerted by a neighboring surface, and is shown in Fig. 2. 
The body force f is applied and has the units of force per unit volume. 
An example is gravity. The mechanical linear momentum of a continuum 
is given by ov, where о is the mass density and у denotes the velocity of a 
point. Both f and ov are volumetric quantities, and are shown applied to 
an arbitrary point of a continuum in Fig. 2. © 

The motion of an arbitrary portion of a continuum is governed by the 
following conservation equations: 


Mass 
(didt) fe dV =0. (2.1) 
Linear momentum 
Í , (0 45 + Í ,AdV = (dat) | , ov dV. (2.2) 
Angular momentum | 
| extn) dS + | тхїа = (Ја) | rxov dV. (2.3) 
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t(n) 


O 


- Fig. 2. An arbitrary material volume element in motion. 


In (2.1)-(2.3) d/dt denotes the material derivative, but as we shall see 
shortly, such considerations are of no importance in the linear theory. 


2. THE STRESS TENSOR 


Applying (2.2) to the elementary tetrahedron shown in Fig. 3 and 
taking the limit as the volume approaches zero, i.e., as й > 0, we obtain 


3 
4=1 


VOL = = hASh 


AS; = п} ASn 





Fig. 3. Elementary tetrahedron. 
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Then substituting 4S; = n; AS, (Fig. 3) and taking the limit as h—0, 
we find 


3 
t(n) + У t(— ein; = 0. (2.4) 
i=1 
Considering п = (1, 0, 0) as a limit of (2.4), we find 
t(e,) + t(— e) = 0, t(e,) = — t(— e). 
If we consider the other two perpendicular surfaces, we get 
t(e;) = — t(— ej). (2.5) 


Substituting from (2.5) into (2.4), we find 


t(n) = X n(e) = (e) = телее) = mete). 0.6) 


1—1 


As we have seen, the quantity ejt(e;) is a dyadic or second rank tensor, and 
hereafter will be denoted by « or T, i.e., 


т = e,t(e;), (2.7) 
and from (2.7) and (2.6) 
t(n) =п-т. (2.8) 


From Fig. 3 it is clear that the component representation of the vector t 
may be written 
t(n) = r,;e;. (2.9) 


Consequently, 
t(e;) = Tjj€j,; (2.10) 


where the subscript i indicates the surface on which t acts and j indicates 
the direction in which t acts. Finally, 


т = e,t(e;) = eir;se;. (2.11) 
We may also write the vector t(n) in the form 

t(n) = t;(m)e; = f;e;. (2.12) 
Clearly, from (2.9) and (2.12) we have 


fj = tjm) = Taj, (2.13) 
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and from (2.8), (2.11), and (2.12) we have 
t;e; = пуе:е;т;;е; = njtie;, (2.14) 
so that in Cartesian tensor component form we have 
t; = п. (2.15) 


From (1.23) and (1.24) we know that the components of the tensor т trans- 
form according to the formulae 


г г 
Th = ашау; апа Tij = арат; 7. (2.16) 


3. THE STRESS EQUATIONS OF MOTION 


Substituting from (2.8) into the equation of the conservation of linear 
momentum (2.2) and applying the divergence theorem, we obtain 


| r-r dV + ft dV = |, eaviat) dV , 
from which, since V is arbitrary, we find 
И.т Ё = о ү/а, (2.17а) 


which are the stress equations of motion. In Cartesian component form 
we have 


Tij,i + f = 0 dv,/dt. (2.17b) 
Rewriting (2.3) in component form and substituting from (2.15), we obtain 
|, екх Тт dS + [ех — x,o(dv,/dt) — ovy;]dV = 0. (2.18) 


Using the divergence theorem in (2.18), we find 


dv; 
Í, сирот + fj — 0 ^ dV + f, exiit dV = 0. 


Since ху; = б and V is arbitrary and we have (2.17b), we may write 
ерут = 0, (2.19) 
from which we may conclude that 
ту = Tji» (2.20) 


and the stress tensor is symmetric. 
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We now introduce the first linearizing approximation, 


dv; Ov; д?и, .. 
di à on А (220) 
where u is the mechanical displacement of a material point. The stress 
equations of motion (2.17) now take the component form 


.. 3 equations 
"uir f; = eli; (o d abies (2.22) 
From (2.11) we obtain 
ты = етеу, (2.23) 
and in particular 
Ty) — Ce Ty, k no sum (2.24) 


(the parentheses mean no sum), where e, and e; denote mutually orthogonal 
unit vectors referred to a particular Cartesian coordinate system. 

Let n denote a unit vector normal to a surface (any surface). Then 
from (2.24) 


Tinin) — We TD = njtih, (2.25) 


and Tinn) represents the component of the traction vector on that surface, 
normal to that surface. 


4. THE NATURE OF THE STRESS TENSOR 


It is natural to ask the question: For a given stress tensor referred to 
a specific Cartesian coordinate system, are there surfaces with normal n 
on which the normal component of stress Tinn) is locally a maximum or 
a minimum, and if so, where are they? To answer this, we try to find orien- 
tations n for which Tym) is stationary, subject to the constraint n.n = 1. 
From our discussion of Lagrangian multipliers it is clear that we proceed 
by forming the function 


f= ТП; — A(njnj — 1) ; (2.26) 
and making f stationary for arbitrary дт}, 1.е., 


Of = (0f/On,) On, = 0, (2.27) 
so that 
Of/On, = 0 (2.28) 
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are the conditions. Now, since we must regard the n, as independent, 
we have 
дп; [дт = б. (2.29) 


Hence from (2.26), (2.28), and (2.29) we find 


д туп; + ттд» — Атда + дп) = 0 


(2.30) 
тып; + ita — 2Àny = 0, 
and from (2.20) and (2.30) we obtain 
тың = Any; (2.31) 


but (2.31) is just the eigenvalue equation for a symmetric matrix, and we 
already know all the results. There are three real eigenvalues, and three 
mutually orthogonal eigenvectors which form a triad, and the symmetric 
tensor is diagonal and is equal to the eigenvalues when referred to this 
triad. Therefore we can immediately conclude that there are three mutually 
orthogonal planes on which the normal stress is locally a maximum or 
minimum, and all shear stresses are zero on these planes. Moreover, the 
eigenvalues of this problem are the locally extreme values of the stresses. 


Chapter 3 
INFINITESIMAL DEFORMATION THEORY 


1. THE INFINITESIMAL DISPLACEMENT FIELD 


Consider a line element dt which moves in such a manner that it 
rotates and extends (or contracts) to dr as shown in Fig. 4. From Fig. 4 
it is clear that 


а=, = п, (3.1) 


p—g—w, rep, (3.2) 





Fig. 4. Deformation of an arbitrary line element. 
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and from (3.1) and (3.2) we have 
dr — dt = и? — ul. (3.3) 


Let u? — u! — du, where u is the displacement field. Then from (3.3) we 
have 


du — dr — dt, 


Or 
dr = dt + du. (3.4) 


When the deformation is infinitesimal we may assume that 


rtr, (3.5) 
|Qu;/0x;| «& 1, (3.6) 


which means that u is very small and that products of components of the 

displacement gradients are negligible compared to the components of the 

displacement gradients themselves. 
Expand u in a Taylor's series: 

ди 

Ax dx; + h.o.t. (3.7a) 


J 





u? = ut + 


where the higher order terms (h.o.t.) are negligible, or, vectorially, 
u = u! + dr-Vu = u! + а. Йи, (3.7b) 


where VW =V because of the assumption given by (3.5), i.e., because 
Eulerian and Lagrangian coordinates are equivalent. Thus, since the infini- 
tesimal strain assumptions have already been made, we can no longer 
distinguish between the final and the initial positions. This is a far-reaching 
assumption and obscures much important detail, but it is perfectly all right 
for the type of linear theory in which we are interested. Almost all of the 
simplified treatment which will be presented rests on this assumption. If 
this assumption is removed, the mathematics becomes much more involved. 
From (3.75) and the definition of du we have 


du; = (0uj[0x;) dx;, (3.8a) 


Or 
du = dr-Vu. (3.8b) 
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Since ди;/дх; is a second rank tensor with nine terms, we can decompose 
it into its symmetric and antisymmetric parts. Thus let 


Sij = $ (u; j + uj), S = Йи + аЙ), (3.9) 
where Ш = (Vu)'nspose, and 
Wij = i(uj—uw;), w=3Vu—W). (3.10) 
Then, adding (3.9) and (3.10), we obtain 
Ui j = Sj + oj, (3.11a) 


or | 
Vu=S +w, (3.11b) 


and 
du = dr-S + drw, 


du; = Si; dx; + О dx;. 


Since «X; is an antisymmetric second rank tensor, according to (1.28) it 
may be written 


Wig = + ер, (3.12) 
where ©2 is an axial vector, and according to (1.27) we have 
Q, = + еџ;о;;. (3.13) 
Moreover, from (3.10) and (3.13) we have 
О, = ецш, (3.14a) 
or 
Q = iV xu. (3.145) 
2. THE NATURE OF AN INFINITESIMAL 
DEFORMATION 
From (3.4) and (3.85) we have 
dr = dt + dr.Vu = аг: (I + Vu), (3.15a) 
where I = e;6,,e; = е;е;, or 


dx; = 1х ,(0;; + Ui j) 5 (3.155) 
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and from (3.11a) and (3.155) we obtain 


dx; = dX; (ду + Sij — oj). (3.16) 
Let 
T; = д + Sy — oi, (3.17) 


and regard Т;; as a linear transformation which transforms df to dr. Further, 
let 


Ry, = дд — Oi (3.18) 
and 
Lg = дъ + Si. (3.19) 
Then from (3.17)-(3.19): 
Ty = КЇ 


since by (3.9), (3.10), and (3.6) w and S are infinitesimal, and products 
of components are negligible. Thus we now have two infinitesimal transfor- 
mations R and L operating successively in transforming df to dr. 

Now, the square of the length of any arbitrary line element before the 
deformation is given by 


ly = dx; dX; А 


апа the square of the length of the corresponding element after the defor- 
mation is given by 
P = dx; dx; . 


Let us compute /? using (3.16). Thus 


dx; dx, = dX; (д; + Sij — wij) dX, (д + Sir — од) 


since S and « are infinitesimal and « is antisymmetric. 
Consider a deformation in which the S; = 0. Then from (3.20) we 
have 


dx; dx; = dX; dX; Д 


ог l? = 1, and the length of any element does not change. Therefore, since 
the length of any element does not change under a deformation consisting 
of an w only (S = 0), w must correspond to a pure infinitesimal rotation. 
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It is interesting to note that from (3.4), (3.16), and (3.12) we may 
write 


du; = dx; — dx; = Si dX; + ец; dX; А (3.21а) 
Or 
du = dr — dt = S.dt + 9 ха, (3.215) 


where & is given by (3.145). Therefore the infinitesimal change in displace- 
ment between the ends of any differential line element consists of a portion 
which produces a change in length and another portion which does not 
produce any change in length, and corresponds to a pure rotation. It is 
important to note that whereas the rotational deformation « (or £3) cannot 
change the length of any element, the extensional deformation S can (and 
generally does) rotate almost all differential line elements dř issuing from 
a point. The difference is that the rotation w rotates every element by the 
same amount, i.e., rigidly, while the strain S rotates different elements 
different amounts, i.e., nonrigidly. The off-diagonal terms of S do the 
rotating. 

Let us ask if for a given deformation (и; ;) referred to a specific Car- 
tesian coordinate system, out of all differential elements issuing from a 
point, having the same initial length /;, are there any elements which 
locally have a maximum or minimum final length, and if so, where are 
they? To answer this question, we maximize the final length (or the square) 
dx; dx, , subject to the constraint that the initial length (or rather the square) 
is equal to a constant, i.e., dX; dx; = lę. We know that we may proceed 
by forming the function 


G = dx, dx; — Җа, dt; — 12), (3.22) 


and making G stationary for arbitrary dX,, i.e., 


iG . _ 
ôG = O(di,) Ó(dX,,) = 0 А 
so that 
aG/A(dk,,) = 0 (3.23) 


are the conditions. Substituting from (3.20) into (3.22), we obtain 
Since we must regard the dx, as independent, we have 


ó(dt))J0(d&,) = Sim » (3.25) 
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and from (3.23) and (3.24), with (3.25), we obtain 


0G 
(dăm) 


= (д + 2S5) (05, dX, + рь dX;) — 24054, dž; = 0 
= (д, + 2844) dX, + (jm + 2Sjm) dX; — 2A dX, = 0; (3.26) 
but 04; + 25м; = Ojm + 2Sjm, and 

(дв + 2:5) ЯХ, = (8; + 2Sinj) dX;. (3.27) 
Hence from (3.26) and (3.27) we have 


OT 
Sing dX; = (A — 1) di, = А dòm. (3.28) 


Again, we see that this is just the eigenvalue equation for a symmetric 
matrix S,,;, and we know all the results. 

Therefore we can immediately conclude that there are three mutually 
orthogonal directions 4х0) along which the change in length is locally a 
maximum or minimum, and consequently, the extensional strain is locally 
a maximum or minimum along these same mutually orthogonal directions. 
Moreover, from our knowledge of the solution of the eigenvalue problem 
it is clear that when the S tensor is referred to the eigenvector triad, the 
off-diagonal (or shear) strains vanish. Thus in this coordinate system we 
may write 


Sij = Sq Oy, (3.29) 
where S, = !®, and from (3.16) and (3.29) we have 
ах; = dX; (д + Suy 0i; — oj) 
dx; = (1 + Su) dX; — oi; dX 


7° 


(3.30) 


Now we consider only the three line elements which coincide with the axes 
of the eigenvector triad. In order to keep track of the three elements, let 
us denote which element we are considering by an т, i.e., instead of dž; 
we have dx. Then substituting from (3.12) into (3.30), we obtain 


dx = (1 + Su) dif? + е0, dit. (3.31) 


Since we are considering only those elements lying along the axes of the 
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eigenvector triad, we may write 
ах" = 0,30, (3.32) 
and substituting from (3.32) into (3.31), we have 


dx?) = (1 + Soy) Omilo + е;„2ьд„% 


(3.33) 
ахі" = [(1 + Sim) Omi + Етп]. 
Multiplying (3.33) by e; and summing over i, we obtain 
dr? = [(1 + Sim )em + eie Qe, 
[( (m)) rmf? llo (3.34) 
dr? = [(1 + Sim em + e;2, X е„]һ. 
Since е„ = dt", from (3.34) we find 
dr = (1 + Sm) dr? + 9 x dr , (3.35) 


from which it is clear that the strain deformation S does not rotate the 
eigenvectors of the strain tensor, it simply elongates (or contracts) them, 
and that each eigenvector is rotated through the same infinitesimal angle ©. 
Since the eigenvectors are orthogonal before the deformation and rotate 
through the same angle, they remain orthogonal during the deformation. 
Thus it is clear that an arbitrary infinitesimal deformation consists of a small 
translation u of a point, a rotation of three mutually perpendicular lines 
through the point, and an extension or contraction of these lines. _ 


3. INFINITESIMAL VOLUME CHANGE 


We will now determine the expression for an infinitesimal change in 
volume. The most expedient way of doing this is to consider the mutually 
orthogonal eigenvectors of the strain tensor S. These vectors are orthogonal 
before the deformation and remain orthogonal during the deformation. 
They are simply rotated rigidly by ©? and extended (or contracted) by S. 
The rectangular volume enclosed by these vectors before the deformation 
is [(°), Section 19] 

dV, = di” di x qr, (3.36) 


The corresponding volume enclosed by the same vectors after the defor- 
mation is 


dV = аг. аг) x dr, (3.37) 
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Substituting from (3.35) into (3.37), we obtain 

dV = (1 + Sa) dY. (1 + So) dt? x (1 + Sa) dt, (3.38) 
since Q and Sin are infinitesimal and 
dt). di x (Q x dt) + di . (Q x dt 9) x di 9 + (Q x di). dt x dt =0, 


where each term vanishes separately, since dt, dt? and dt? are mutually 
orthogonal. Therefore from (3.36) and (3.38) we obtain 


dV — dV, = [(1 + Sq) + S3) + Su) — 1] dk -di x dr, (3.39) 
and from (3.39) and (3.36) we find 
(dV — dVJ)JdV, = Sa + Sey + 8), (3.40) 


since the Sim) are infinitesimal. 
The quantity (dV — dV,)/dV, is called the dilatation and is represented 
by the symbol 4. Thus from (3.40) we have 


A = Sa + S2) + $ (з) , (3.41) 


that is to say, the dilatation is equal to the sum of the eigenvalues of the 
strain tensor. But the sum of the diagonal components of a second rank 
tensor is an invariant, and we have 


A = Sii А (3.42) 


іп any coordinate system, and since [Sj < 1, Л < 1. Moreover, since 
from (3.40) and (3.41) dV = (1 + A)dV, and A <1, dV=dV,; and 
since o dV = о, dV,, о = (1 — Л)оо, о == оо. Thus in infinitesimal de- 
formation theory, although Л represents the change in volume per unit 
volume, the final volume and mass density may be taken to be equal to 
the initial volume and mass density, respectively. Note that 
0 
— dV = ÁdW,, (3.43) 
дї 
and that 
A = Sj; = uj; =V u. (3.44) 


Chapter 4 
ELECTROMAGNETIC CONSIDERATIONS 


1. THE FIELD VECTORS AND THE FIELD EQUATIONS 


Maxwell’s equations in Gaussian units are (?) 


гхн= 1 20 Ly, (4.1) 
с дї C 
] OB 


where H is the magnetic field intensity, E is the electric field intensity, D 
is the electric displacement vector, and B is the magnetic flux vector. These 
vector fields are related by the equations 


D =E + 4zP, (4.3) 
B —H + 44M, | (4.4) 


where P is the polarization vector and M is the magnetization vector, 
with D, E, and P polar vectors, while B, H, and M are axial vectors. Along 
with the six Maxwell equations, (4.1) and (4.2), we have the auxiliary 
equations 

V.B-—0, | (4.5) 


V.D = 49,. (4.6) 


Equation (4.5) is satisfied automatically, and (4.6) simply defines o, such 
that the equation of the conservation of electric charge 


0o,[0t --V-J =0 (4.7) 


is satisfied. 

Boundary conditions are determined from the integral form of Max- 
well's equations. Maxwell's differential equations may be determined from 
the integral forms when suitable differentiability conditions are assumed. 
The integral forms are: 


2b 
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Ampere’s law: 
ф, Н.а = (По) | n-D ds + (n/c) | m-3 ds, (4.8) 


Faraday’s law: 


ф, E-dr = — (1/c) [ п-в 45, (4.9) 
f n-B ds =0, | (4.10) 
f nD ds = 4л f, o, dV , (4.11) 


where / in (4.8) and (4.9) denotes an arbitrary closed circuit and s an ar- 
bitrary open surface contained within /, and S in (4.10) and (4.11) denotes 
an arbitrary closed surface. All surfaces and circuits are stationary with 
respect to an inertial reference frame. The integral form of the conservation 
of electric charge takes the form 


fag ds = — Í, 6, dV, (4.12) 
where S is a closed surface. 


In indicial notation Maxwell’s equations (4.1) and (4.2) and (4.5) 
and (4.6) take the form, respectively, 


ei Hy; = (0/c) D; + (4nJc)J;, (4.13) 
ei Ey, = — (1/c)B;, (4.14) 
Bji-0, (4.15) 

Dij = 4ло,, (4.16) 


2. THE ELECTROMAGNETIC POTENTIALS 


These equations may be reformulated in terms of the vector and scalar 
potentials A and g: 


В; = е жАк з; (4.17) 
] , 
ei (E. + P 4), —0 ; (4.18) 


E, + (Jc), = — Фу. (4.19) 


| 
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Note that А, р is arbitrary. Different selections of А, , determine different 
gauges. The vector potential A is not unique because any other A defined by 


А-А +F, (4.20) 


where ¥ is any scalar, could also have been used as the vector potential, 
since 
Z x7Y¥ =0. 


When written in terms of the vector and scalar potential Maxwell’s equa- 
tions become (4.13), (4.17), and (4.19), which we rewrite here as 


1 . 4 
еН, 5 = v Di + —- Ji, (4.21) 
В; = езд, 3 А (4.22) 
1. 
Ey = — 9. — c Ак, (4.23) 


along with the definitions (4.3) and (4.4), which we rewrite here as 
D, = Е, + 4aP;, Н; = В; — Ax Mj, (4.24) 
and the auxiliary equation (4.16), which we rewrite here as 
D; == 4ло,. (4.25) 


Although A and hence ф are not unique, E, Н, В, D, and J are unique. 


3. POYNTING'S THEOREM 
AND ELECTROMAGNETIC ENERGY FLUX 
From (4.13) and (4.14) we form 
Ее Hj, ; = (1/c)E;D; + (Ал/с)Е,Ј, (4.26) 
Hije;4Ey,; = — (1/с)Н;В,, (4.27) 
and subtracting, we obtain 


| 1 . 1 . 4л 
eig Ei Hy; — eig HE, з = PI Е;Р; + " Н.В; + —— ЕД 


— (еньЕ,Нь); = T (E;D; + Н;В;) + P Ei. (4.28) 
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Integrating (4.28) over an arbitrary volume and using the divergence 
theorem, we find 


— (с/4л) f nE x H dS = Г, Саа). + H-B) dV + [EJ dV. (4.29) 


Equation (4.29) is Poynting’s theorem. So far it is nothing more than a 
mathematical consequence of Maxwell’s equations. We will now try to 
interpret the terms physically for the purely electromagnetic case. When 
we do this we will have an energy equation for the purely electromagnetic 
case only. It is not an energy equation when there is any interaction present, 
such as, e.g., thermal or mechanical. However, in any event it is always a 
mathematical identity which is compatible with Maxwell’s equations. 
Let us define 


h = (c/4x) EXH, (4.30) 


and identify (E-D + H-B)/4x with the rate of change of electromagnetic 
energy, U. This last identification is questionable in general, but adequate 
for our purposes. Moreover, questions of this nature, which are closely 
related to the electromagnetic body force question, will, like and for the 
same reasons as the body force and finite deformation questions, be entirely 
ignored. Then in this purely electromagnetic case Poynting’s theorem (4.29) 
gives us 


2 f Uv — — f nas - | E-J av. (4.31) 


Under the interpretation we are using, the E-J term is the usual Joule 
heat term. The energy equation (4.31) for the purely electromagnetic case 
now asserts that the time rate of change of internal energy in an arbitrary 
volume is equal to minus the rate at which electromagnetic energy flows 
out of the surface enclosing that volume minus the rate at which electric 
energy is dissipated inside the volume by thermal means. 

The previous considerations have told us the important fact that the 
vector h defined in (4.30) represents the energy flux vector across a surface, 
and it is taken to be positive when outwardly directed across a closed surface. 
It is called the Poynting vector, and it has the units of energy per unit area 
per unit time or power per unit area. 

The electromagnetic potentials A and оф enable us to put Poynting's 
theorem in a form which is particularly useful for our purposes. Consider 
the term in Poynting's differential equation, (4.28), which is responsible 
for the Poynting energy flux vector, h, in (4.31). If (4.28) is multiplied 
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throughout by с/47, the term may be written 
— hij = — (с/4л)(е;Е;Нь) :, 


and substituting from (4.23), we have 


с ] , 
— hii = + 47 |е. + cC 4H. | 


C 1 А 
= а ei Hs + P сан) | , 


and substituting from (4.21), we find 


C 


hi — 4л Yj 


] , 4л l . 
(+ D; + Pu J;) + m (eig A5H;),; 


1 . 1 А 
= A [(pD;),; — Фр; 3] — (7) ; + pJi + An (ei A; H4) i, 


which, with the divergence of (4.21), yields 





Dj ] . 
— hi i = — Li 47 + D — УТА E (4.32) 


Substituting from (4.32) into (4.28) and integrating over an arbitrary 
volume and applying the divergence theorem, we get Poynting's theorem, 
(4.29), in the form 


D 1 
— |, п; Д6 + 4) — AR ei АН dS 
1 . : 


and as a consequence we obtain from (4.32) and (4.33) for the purely 
electromagnetic case the previous energy equation, (4.31), with 


D, 1, 





Now, whereas h; = (с/4л)е; „Е;Н, is unique, the present h; in (4.34) is 
not, because ф and A; are not unique. Nevertheless, in the present case 
we know that [s;njh;dS, where S is any closed surface, is unique, and 
that is all that counts. Moreover, the unique form of h can have added 
to it the x V, where V is any vector, without violating Poynting's theorem, 
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because [,n-V x V dS = 0, where S is an arbitrary closed surface. That 
is to say, the nonunique h's all differ by the curl of some vector, and that 
doesn't matter because the surface integral vanishes. 


4. THE OUASISTATIC ELECTRIC FIELD 


When we consider piezoelectricity or biased electrostriction, which, to 
a good approximation, gives the same equations, we will consider polariz- 
able (but not magnetizable) dielectrics only. Consequently, we may set 


0 = J; = М; = 0 (4.35) 


іп all the equations. It should be noted that under these circumstances 
from (4.35) and (4.24) 

Н; == В; Д (4.36) 
апа Н; (and consequently А;) cannot be zero, because from (4.21) and 


(4.35) 
V xH = (1/c)D, (4.37) 


and 
D £0. (4.38) 


Under these circumstances Maxwell's equations (4.21)-(4.23) take the form 


ei, Hy; = (1/c)D;, (4.39) 
Н = е4,» (4.40) 
E; = — фа — (Hilo), (4.41) 
and from (4.24) 
Dj = Е; + AnPi, (4.42) 


and from (4.25) and (4.35) we have the auxiliary equation 
Р; = 0. (4.43) 


The basic simplifying assumption which is used to get the piezoelectric 
equations is that each component of g ; that enters in a problem satisfies 


| Áilc | <1 ei I. (4.44) 


This assumption obviously is well borne out experimentally. It basically 
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is valid when the electromagnetic waves essentially uncouple from the elas- 
tic waves, and when we are considering wavelengths near the elastic wave, 
which are much shorter than the electromagnetic wavelength of the same 
frequency. The condition for the validity of (4.44) is 


wje <| kil, (4.45) 


where k; represents a component of the wave number for a wavelike solution 
of (4.39)-(4.41). It may readily be seen that (4.45) is the condition for the 
validity of (4.44) by considering a wavelike solution of (4.39)-(4.41) in 
the form of a successive approximation about 4;/c = 0. When 4,/c is 
neglected in (4.41), the auxiliary equation (4.43) may be used to find g. 
When ф is thus determined, A; may be determined by using (4.39) and (4.40) 
with the now known D; on the r.h.s. of (4.39), with the result that each 


| 4i| «Il. (4.46) 


when (4.45) holds, thereby showing that (4.44) is indeed satisfied whenever 
(4.45) holds. As a matter of fact we could continue with this successive 
approximation procedure with the now known nonzero 4; and determine 
a second approximation for g, and so on. However, as a consequence of 
(4.45), the first approximation (or the theory of the quasistatic electric 
field) is certainly as accurate as necessary. Moreover, when (4.45) is valid, 
it is clear from (4.39) and (4.46) that the magnetic portion of the Poynting 
energy flux in (4.34) is negligible compared to the electric portion, and 
by virtue of this fact and (4.35), the degenerate form of the Poynting energy 
flux in this quasistatic electric case may be written from (4.34) in the form 


In addition, since (4.45) must hold in the vacuum (or air) immediately 
outside a piezoelectric body as well as inside — in order to satisfy the electric 
boundary conditions at the interface — (4.44), (4.46), and (4.47) also hold 
in the same region and, consequently, the electric equation in the vacuum 
in the immediate vicinity of the piezoelectric body is 


Q.kk = 0. (4.48) 


We are now in a position to write the conservation of energy for a 
linear piezoelectric continuum. However, before proceeding it should be 
noted that in this chapter we have used Gaussian units exclusively, primarily 
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because we wished to make the quasistatic electric field approximation 
and A and д have the same Gaussian units, thereby enabling the approxima- 
tion to be made more easily in those units. Nevertheless, once the quasi- 
static approximation has been made, we are free to use any electrical 
units we wish; and we employ MKS units exclusively throughout the 
remainder of this monograph because they are more convenient. 


Chapter 5 


THE LINEAR THEORY 
OF PIEZOELECTRICITY 


1. ENERGY CONSIDERATIONS 


The principle of conservation of energy for a piezoelectric medium 
states that in any volume V bounded by a surface S with unit outward 
normal n the rate of increase of energy (kinetic plus internal) is equal to 
the rate at which work is done by the surface tractions acting across $ 
less the flux of electric energy outward across S. Thus we have 


à 1. | | 
дг f, 5 ойи; t u) dy = |, (270; — nypD;) dS, (5.1) 


as the equation of the conservation of energy. Basically, this equation pos- 
tulates the existence of the internal energy function U. 

From our previous work we have the following equations: The stress 
equations of motion, (2.22), with f; — 0, 


Tjj i = 0й;, (5.2) 
(where т = т;;). The charge equation of electrostatics, (4.43), 
Dj, = 0. (5.3) 
The electric field-electric potential relations, (4.41), with (4.44), 
E, = — 94. (5.4) 
The strain-mechanical displacement relations, (3.9), 
Sj = $ (uij + и). (5.5) 


All these will be needed in what follows. Previously discussed linearizing 
approximations have already been included, such as d/dt == 0/0t, v == ù, 
infinitesimal strain, the absence of the electric body force and couple, and 
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the fact that we cannot distinguish between the initial and the final positions. 
We also have the relation 


dV =daV (1+ Л) == dV,, (5.6) 
since 
A =u Śl, (5.7) 
and hence 
o =e (1 — 4) = оо, (5.8) 
and, (3.43), 
2 dV == Дау, = Adv. (5.9) 


Substituting from (2.15) into (5.1), applying the divergence theorem, 
and utilizing the fact that the resulting equation is valid for an arbitrary 
volume V, we obtain 


ойӣ + О = (тй) — (ФР): 
О = (т — oti ay + туй — 9Dii — 9 Di, 
which with (5.2)-(5.5) yields 
О = tyy + Е,Р;. (5.10) 
Equation (5.10) is called the first law of thermodynamics for the piezo- 
electric medium. 
2. PIEZOELECTRIC CONSTITUTIVE EQUATIONS 
Let us define the electric enthalpy H by 
H = U — Е[;. (5.11) 
Then differentiating (5.11) with respect to time, we obtain 
H = О — E;D; — ÉE;Dj, 
which with (5.10) yields | 
H =т,;$,; — Dj£E;. (5.12) 
Equation (5.12) implies that 
Н = H(S, E), (5.13) 
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and differentiating (5.13) with respect to time, we find 


OH „ OH 


and substituting from (5.12), we obtain 


OH \ . OH\ . 


Since Eq. (5.14) is an identity which must hold for arbitrary S; and E; 
which are consistent with the condition Si; = S 5 , we obtain 


Tjj = E (35 35] , (5.15) 
р; = — дН/дЕ;. (5.16) 
If we further agree to construct Н so that 
ôH _ ôH 
0S; OS’ 
we may write in place of (5.15) 
Ti; = 0H/0S;;. (5.17) 


Since we are interested in a linear theory only, we construct a homo- 
geneous quadratic form for H 


H = КУУР — eig ES — bes EE; , (5.18) 


Jj 
where 
Cijk] = Cijlk = Суйп = Cklij» 
Cijk = €ikj» 


tij — ёз, 


and here and below we have dropped the superscript Е on the elastic con- 
stants and the superscript S on the dielectric constants because all other 
constants occurring in this monograph will be defined in terms of these 
constants and e;;. Thus we have 21 independent elastic constants, 18 
independent piezoelectric constants, and six independent dielectric con- 
stants in the most general case (1?) (triclinic crystal without center of sym- 
metry). Since e is an odd rank polar tensor, it cannot exist in any material 
that has a center of symmetry. 
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From (5.16)-(5.18) we obtain the linear piezoelectric constitutive 
equations 


Tij = С — €yij Ex, (5.19) 


Dj = еш + &Ер. (5.20) 


3. THE DIFFERENTIAL EQUATIONS 
OF PIEZOELECTRICITY 


We now have a determinate system of equations, i.e., the number of 
equations is equal to the number of variables, as is clear from Table I. 
This system of 22 equations in 22 variables can readily be reduced by 
simple substitutions to four equations in the four variables и; and ф. The 
equations are 


Селли, ti + erup ri = ОЙ, (5.21) 
дк, ёф — 0. (5.22) 


We must solve this system of equations subject to boundary conditions 
which we have yet to determine. To determine the boundary conditions, 
we will obtain conditions sufficient for a unique solution analogous to 
those of Neumann for the purely elastic case [(!1!), Section 124]. This will 
give us a uniqueness theorem. 

Before we obtain the uniqueness theorem we should note that the 
internal energy function U must be a positive-definite quadratic form in 
order to secure the stability of the system. From (5.18), (5.11), and (5.20) 
it is readily seen that 





U = lei SiS, + dei E;E;. (5.23) 
TABLE | 
Number of equations Additional variables 


Tj, = QU; 

Dii = 0 

T; = Cikri — ём;Ёк 
D; = еы + EirEk 
$ = EUr, uu) 
E, = — 94 


З oa ua m w 
N 
| - comune 


Totals 
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4. UNIQUENESS OF SOLUTION 


Consider two solutions of the 22 equations 


Tii = OU;, | (5.24) 

Р; = 0, (5.25) 

Tij = Суры — CrijEk » (5.26) 
D; = ежы + &Ёу, (5.27) 
Sri = #(ик + шь), (5.28) 

E, = — 94. (5.29) 


Since every equation is linear, the difference of the two solutions is also 
a solution of the same system of equations. Let 77, ui, Dž, Si, Ez, and ф* 
denote the difference solution, where тў = 10 — тр, etc. Now, consider 
the dependent variables in the above equations to be starred (1.е., the 
difference variables), and drop the star. 

From (5.24) form the scalar 


(т — iij); = 0, 
and integrate over the volume of the region being considered 
Í, (7j; jt; — pij) dV —0 
= Í, [(тй;) н — Tij; i — louji;] dV. (5.30) 


Applying the divergence theorem to (5.30) and employing the symmetry 
of the stress tensor and (5.28), we obtain 


тй; dS = [TS i + 1] dV, (5.31) 
|, Jl 


where 
T = #0030). (5.32) 


The substitution of (5.26) into (5.31) yields 


| 5 туй; d$ = | y [Cii SiS; — ey Esi + T] dV, 
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and the further substitution of (5.27) yields 
| 5 ттуй; dS = f y [с;%1819:; — Ex(Dy — exis) + T] dy, 
which with (5.29) and (5.25) yields 
{ 5 niv; dS = | y [Cii SiS ij; + ei E; Eg + (фр) а + T] dV. (5.33) 

Applying the divergence theorem to (5.33), we obtain 

| y [T + cii SS; + e E;E,] dV = | 5 [nijü; — nipD;] dS. (5.34) 
At this point it should be remembered that this equation is for the difference 


solution, i.e., every dependent variable should have a star. Let us define 
the internal energy U* of the difference system as 


U* = іс: „550 + beu E; Er" (5.35) 


Then differentiating (5.35) with respect to time and utilizing the symmetries 
of all the quantities, we find 


U* = cin SS + eg E; Eu", 
which enables us to write (5.34) in the form 
| , I* + U*] dy = f _ rti порчу] ds. (5.36) 
Integrating (5.36) with respect to time, we have 
f dt | (T* + 0*) av = f dt |. (rti — паре) ds 
to y to S 191346) 1 1 э 
and hence 
бе 09 SE + Urs | de | t — moD) dS, (5.37) 


where 
gr — * ye — * , 
f ,T* dy, | ,U* dV, (5.38) 


t;* = пф. (5.39) 


Since T* and U* are positive-definite homogeneous quadratic functions (!?) 
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of u;*, 5% and E;*, making the right-hand side zero (and hence the left- 
hand-side zero) is sufficient to ensure that 


„k — OF __ ж — 
и; = Sy Ej = 0, 


and hence that the two solutions are identical to within a static rigid body 
displacement and a constant potential [see (11), Section 18]. Therefore from 
the right-hand side of (5.37) we can read off initial and boundary conditions 
sufficient for a unique solution. 

Initial conditions may be the specification of új, uj, and E; at each 
point of the body at tọ, in which case the aforementioned static rigid body 
displacement of the difference system vanishes. Boundary conditions con- 
sist of the specification at all t and at each point of the surface of the body 
any combination of conditions which make the surface integral in (5.37) 
vanish. For example: (f, t2, f3, P); (tj, te, t3, niDj); (t, us, Us, $); 
(ti, Us, ts, п); etc. | 

The above is the piezoelectric generalization of Neumann's theorem 
in linear elasticity [see (11), р. 176]. The uniqueness theorem which has been 
presented is subject to a number of restrictions which are not especially 
important for our purposes. Some of these restrictions may be removed 
[see Mindlin's monograph (5), pp. 1.17-1.18]. 


Chapter 6 
HAMILTON'S PRINCIPLE 


1. THE PROCESS OF VARIATION 


Consider a function f(x), a « x « b. Change the function at any (or 
every) point х = x, to f(x), while holding x = x, fixed. Form the difference 


Лоо) — fx) = 9, (6.1) 


which is called the variation of f. Note that ôf differs fundamentally from 
df, which is defined as the difference in the value of the function f at two 
neighboring points x, and x,. In taking the variation, the functional form 
is varied and the position is held fixed. In taking the differential, the position 
is varied and the functional form is held fixed. 


Now 
ЖЗ ELTE. asata 62) 
and 
x T dí df m |+ Аю - fe) f(x + Ax) — fe 
dx dx dx lm Ax Ax 
— lim = Ax) — f(x) f(x + Ax) — | 
ш 4z0 Ax Ax 


lim —- ;Ue + Ax) — f(x + Ax) — f(x) + f(x)] 


Az->0 


lim [of + Лх) — 869] =- (97). (6.3) 


Thus the 6-process (variation) commutes with d/dx (differentiation). Con- 
sider ô f? F(x) dx; then by definition 


6 | FG) dx = [ во) dx — [Г ғо) dx = [ Fc dx — [ во) dx 
= | | F(x) — Р(х)] dx = | | ÓF(x) dx. (6.4) 
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This shows that the variation of a definite integral is equal to the definite 
integral of the variation. 

In practice we are not interested in the simple cases we have just 
discussed, in which F is a prescribed function of the independent variable x. 
Instead we are interested in the situation in which F is a prescribed function 
of a dependent variable, say, y, and its first derivative, y’, which in turn 
depends on the independent variable x. Moreover, we are especially con- 
cerned when F appears as the integrand of a definite integral. Under these 
circumstances we have 


b 
G= | Fo. y', x) dx, (6.5) 


and we wish to make the functional G in (6.5) stationary. In Eq. (6.5) 
the dependence of F on y, y', and x does not change during the variation. 
However, the dependent variable y (and, of course, y') is changed during 
the variation in accordance with (6.1). Clearly then, taking the variation 
of the functional G in (6.5), we obtain 


6G = | | 5F(y, y', x) dx = 0, (6.6) 


since the limits a and b remain fixed. Since the dependence of F on y and y' 
does not change as y (and, hence, y’) are varied, from (6.1) we obtain 


OF = F(y, y, x) — FQ, y, x), (6.7) 
where y = y + ôy and ў = у + oy’. Expanding F(y, y', x) in a Taylor 


series about y and y' and neglecting terms in ду and dy’ higher than the 
first since dy and dy’ approach zero, from (6.7) we obtain 


_OF| . дЕ 


ôF = 2 — | by’, 
дӯ dy=0 4 дӯ dy’=0 4 
which may be written 
OF OF ., 


Substituting from (6.8) into (6.6), we find 


ь | OF OF , , u 
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which may be written 


ôG = f. D - x) va + mE vL (6.9) 


which must hold for arbitrary variations ду. In particular, if dy vanishes 


at a and b, it is easy to show [(%), Chapter II, Section 10] that we must have 
OF d [OF 
зу dx (ar) => (610) 


which is the Euler equation for the variational problem. If, on the other 
hand, dy does not vanish at one end, say b, we must have 


OF 
ду' 
and (6.10) is satisfied. 


—0 at x=b, (6.11) 


2. HAMILTONIAN MECHANICS 


In classical mechanics there is a function L of all the pertinent variables 
(the independent coordinates and velocities) which is given by [(13), Chapter 
V, Section 1] 


L = T(dy) — Ve, t) = (9, дь, t), (6.12) 


where T'is the kinetic and V the potential energy. There is a principle which 
states that for a conservative holonomic system 


ôf Ldr-o (6.13) 
0 

for all variations д9; of the position coordinates g, which are consistent 
with the holonomic [(*), Chapter I, Section 6] constraints and which vanish 
at tọ and ¢ [(13), Chapter V, Section 1]. The principle is called Hamilton's 
principle, and all of classical mechanics (subject to the restrictions mention- 
ed) may be shown to be a consequence of that single statement. If the con- 
straints are not holonomic, the principle can be generalized by introducing 
Lagrangian undetermined multipliers, but we are not interested in this. 
If the force system is not conservative, the principle can be generalized 
directly simply by calculating the virtual work ôW done by the noncon- 
servative forces in a virtual displacement consistent with the constraints, 
and reformulating the principle as follows: 


t t 
ôf Lat+ | ôW dt=0. (6.14) 
to to 
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This is the form of Hamilton’s principle which we will use. There is a 
Hamilton’s principle for the electromagnetic field equations in free space 
[see (°), Chapter 24]. 

It is commonly agreed that it is both interesting and useful to have 
a variational principle which reproduces an entire system of equations 
which were obtained previously in the alternative manner of defining field 
variables and applying conservation theorems. It is interesting (from the 
standpoint of having a single statement embodying the entire theory in a 
manner which exhibits energies of interaction) and useful for the purpose 
of obtaining approximate solutions of the equations or of generalizing 
the theory. 

We are interested in obtaining approximate solutions of the equations 
which we have already derived. 


3. THE VARIATIONAL PRINCIPLE 
FOR A LINEAR PIEZOELECTRIC CONTINUUM* 


Consider a piezoelectric body subject to prescribed surface tractions, 
t, and surface charge per unit area o. The given surface tractions t and 
surface charge o may, of course, be zero at any part. The virtual work 
per unit area done by the prescribed surface tractions in a small virtual 
displacement of the surface 15 t, ди,. The electrical analog of the virtual 
work per unit area done by the prescribed surface charge o in a small 
variation óg of electrical potential ф is —o дф. The minus sign occurs be- 
cause in the variational principle for our electromechanical medium it 
turns out that the electric enthalpy Н = U — E;D, takes the place of the 
internal energy function U in the Lagrange density, i.e., the effective elec- 
trical energy content of H is opposite in sign to that of U. In any event, 
we will show that the variational principle presented here yields the dif- 
ferential equations and boundary conditions previously derived. 


The Lagrangian for this bounded piezoelectric medium is defined by 


г = | Bes; — Н(Ѕы, E)] dV, (6.15) 


and 


àw = I. (i, ôu, — & дф) dS. (6.16) 


* All linearizing approximations will be already built in. 
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Hence, from (6.14)-(6.16) the variational principle takes the form 


ô f dt | oig; — Н(5ы, E,)] dV + f dt | @ф òu — à dy) dS = 0, 
/ to V to S (6 17) 


where 7, and с are prescribed and all variations vanish at t; and t. Remember 
that we have the relations (5.5), (5.4), (5.17), and (5.16) and the approxi- 
mation for the material derivative: 


Sy = $ (uz, 1 + ug), Ey = — Фу, 


n, 2H н 04 
951° OE,’ ôt dt^ 


which we will need in the derivation. 
Consider the expression for the variational principle term by term. 


First term: 
t t 

д f dt Í, $ойй; dV = f. dt I, 0и; би; dV 

= (а Ü (oi; ди; dV) — ой, ôu; dV 

= [а |, (аг @® 9s Y) — ой buy a | 

t t t 

= I, @ du) dV — (А dt f „0% ди; dV = — J. dt INT ди; dV, 

since du; vanishes at f, t. 


Second term: 


t t OH OH 
ЛИ а | Н(5ы, Ej) dV = f. dt f. | as. Su + -JE òE; | dV. 
Now, 
д5 = $ д(ик т + и) = 3[(0u),1 + (бир) ь], (6.18) 
OF, = — др = — (дф). (6.19) 


Hence because of the symmetry of Tyi 
t t 
Ó |А dt нау == |, dt Í, [t (ĝu) к + D,(6¢) x] dV 


t t 
= I, at f ты би, + n; Dy дф) dS — |А dt f, [Trik Ou; + Рк к бф] dV, 


from the divergence theorem. 
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Thus after substituting the above expressions for the first two 
terms back into the variational principle, (6.17), and rearranging terms 
we have 


t { - - 
ô Í , 4t | , Hetil; — Н(Ѕы, Ej)] dV + | , di | , he ди, — д др) dS 
t 
= | а | f, Cins — ой) òm dV + | Dis dp dV 


+ f G- љт) дш dS — | (E+ р) бу 45| — 0. (6.20) 


Since the variations ди; and бф are arbitrary inside the volume V, we 
have: | 


Stress equations of motion 
Tkl,k — oü = 0. (6.21) 
Charge equation of electrostatics 


Dy, = 0. (6.22) 
Now, on the surface S: 


(a) Either ди; is arbitrary and f} — путу = 0, ог иу is prescribed and 
дщ = 0. 

(B) Either дф is arbitrary and с + тр, = 0, or ф is prescribed and 
dy is zero. 


Thus we see that we have obtained both the differential equations and the 
boundary conditions from this single variational principle. 

Note that ў = 0 for traction-free boundary conditions. The surface 
charge С exists in general at all interfaces in this formalism. It may be taken 
as zero at a dielectric-dielectric interface if the appropriate dielectric con- 
stant on the side of interest is sufficiently greater than the corresponding 
dielectric constant on the other side. This will usually be the case, and 
for our purposes it will be nonzero only when solved for at the end of a 
problem. It will be taken as zero on all surfaces on which it must be pre- 
scribed. In introducing с and ignoring the electromagnetic field on the 
vacuum (or air) side of the dielectric vacuum (or air) interface we have 
made a restrictive but usually valid assumption. This assumption may be 
removed, but we will not do so here. 
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We are interested in the last variational form, (6.20), of the variational 
principle. This is the variational equation from which we will obtain ap- 
proximate solutions. 


4. A MODIFICATION OF HAMILTON'S PRINCIPLE 


As we shall see, Eq. (6.20), which we obtained from Hamilton's prin- 
ciple, turns out to be useful in certain instances and not in others. More 
specifically, Eq. (6.20) is particularly useful, within the theoretical frame- 
work we will espouse, when the boundary conditions which are to be 
satisfied approximately are traction free and/or charge free, but not when 
the mechanical displacement and/or the electrical potential vanishes. The 
reason for this limitation is that in the variational principle the variations 
of u, and ф are constrained to vanish on those portions of the boundary 
on which they are prescribed, and any approximating functions used with 
this variational principle must satisfy the variational constraints contained 
in the principle. On the other hand, the traction and/or charge boundary 
conditions arise when the variations of u, and y аге unconstrained: In 
addition, for similar reasons Eq. (6.20) is not useful when there is an in- 
ternal surface of discontinuity present as shown in Fig. 5. However, it 
turns out that all these difficulties present in (6.20) may be removed if we 
modify (1^) Hamilton's principle slightly. 

It is clear from the discussion in the preceding paragraph that the 
limitations of the utility of (6.20) arise as a consequence of the constraints 
on the variations imposed in the principle. Thus it is clear that if we can 
remove the constraints, we can remove the limitation. Now, it is well known 
in variational calculus [(), Chapter IV] (and in stationary problems in 
general) that a constraint on a variation may be removed by adding to 
the Lagrangian each constraint as a zero times a Lagrange multiplier and 
then treating all variations of the field variables as unconstrained [(5), 


(2) 
sU! S 


Fig. 5. Diagram of a bounded region containing an 
internal surface of discontinuity. 
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Chapter IV, Section 9.1]. We now proceed to modify Eq. (6.17) accord- 
ingly, i.e., in place of (6.17) we write 


t 2 
1 „();3(т) (т) —. (m) ( QGn) (m) 
of ax |f [Joi mg — HS , Em)] dV 


m=1 


4 ] i» (mym — gmg) qs + |, Ap (ut? — ge) dS 
N 


(m) 
C 


— (n)(qm) — gm) 
| вет G ў ) as] 


t i 
+ô Í dt | oat hu? — up) ds — 6 Í , dt [ su P (99 —'?) dS —0, 
(6.23) 


where S", St", and S'^, respectively, stand for the portion of the mth 
surface on which the traction й" and/or the charge 0 are prescribed, 
the portion of the mth surface on which the mechanical displacement и” 
and/or the electrical potential 9" are prescribed, and the surface of dis- 
continuity shown in Fig. 5. In taking the variation of the expression on 
the left-hand side in (6.23), all the ди") and dg are unconstrained 
everywhere except at t and ¢,,* where they are constrained as in the usual 
version of Hamilton principle, and the Lagrangian multipliers А”, 1%, 
Ai, and /'? are to be varied freely [(5), Chapter IV, Section 9.2]. Carrying 
out the variations in (6.23), as we did in going from (6.17) to (6.20), and 
taking into consideration the fact that the divergence theorem is valid only 
up to and not across the surface of discontinuity S‘, we obtain 


. di x fl yim) (or, — Oma) our" + DP? dp] dV 
+ | вуз T? — nim) up — GM + ng D) àge] ds 
+ Jap, IAP — nez) dum — Qo + ng Dim) dy 
+ ATP (ut? — up") — IM (gm — ge] as | 


t 
+ | , d! Є С AG + п@щр) wu? + AP + гру du 
+ (If? — nt? DX?) дра — (I? — p p) dp 
+ JA? (ui? — иш) + д1 (o? — Ф%)] dS — 0 ; (6.24) 


* This constraint can be removed also. [See (15)]. 
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where n‘” denotes the components of the unit normal to the surface of 
discontinuity S directed from V™ to V'?. Since the volumetric variations 
in (6.24) are arbitrary, we have (6.21) and (6.22) in both И and V. 
Since all the surface variations дш”), дф"), ddim, ó]"", dA, and dl 
are independent (unconstrained), we have 


fom — nim rm = 0) on Stm, (6.25) 
go" 4. nim Dim = 0 on Sm, (6.26) 
Aim) — pim тїшї) = on St", (6.27) 
jim) 4. gm ptm = 0) on Sm, (6.28) 
ym — jm = on Sem, (6.29) 
фи) — gm — 0 on Stm, (6.30) 
MD 4 nD = 0 on 8‹, (6.31) 
MD 4 п@т = 0 on S®, (6.32) 
[Фф — pO DD = 0 on $9, (6.33) 
ji — gà pa —0 on S$, (6.34) 
u? — u =0 on S, (6.35) 

p? — gp —0 on S9. (6.36) 


From (6.27) and (6.28) we obtain the Lagrangian multipliers 2)” and 1% 
in the form 


Apr ny, (6.37) 
fom = — тт pium. (6.38) 
Note that the subtraction of (6.32) from (6.31) yields 
ni (v? — т) —0, (6.39) 
and the subtraction of (6.34) from (6.33) yields 
n (D? — DY) = 0. (6.40) 


Equations (6.39) and (6.40), respectively, tell us that the traction vector 
and the normal component of electric displacement are continuous across 
S'?, At this point it is clear that our variational formalism (6.23) yields 
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the differential equations (6.21) and (6.22) in the mth region and the bound- 
ary conditions (6.25), (6.26), (6.29), (6.30), 6.35), (6.36), (6.39), and (6.40) 
of the linear theory of piezoelectricity for the problem at hand. 

In order to find the most appropriate forms of (6.23) and (6.24) to be 
used in obtaining approximate solutions to boundary value problems, add 
(6.31) to (6.32) and (6.33) to (6.34) to obtain, respectively, 


AD = — gnc + 0), (6.41) 
1D = 4n? (D? + D), (6.42) 


and then substitute from (6.37), (6.38), (6.41), and (6.42) into (6.23) and 
(6.24) to obtain, respectively, 


т) rum — С") m)) dS 
N 


t 2 
1 ,(m)44(m),4(m) __ (m) 
bf arx LF om de шш» — p dy + f. 


m=1 


+ | (m) ny m (utm — uy”) dS + | ng Dem (gg) dS | 
Sc S 


(m) 
C 


9 f а Í dn [cD 4-22) (u — 0) + (DM + D®)(~®—g)]dS=0, 
to Sd (6 43) 


t 2 
| dt > Г — p mim) дих + Di дф] dV 


to т=1 


+ |. и [EP — nr) oup — (E + nj" De) dp) ds 
N 
+ iP ne (uy — 1m дт) + (o? — фт") ôD™] 45| 


t 
+ | „& Í ы HER — тр)(ди + du?) 
+ (UP — uP (ory? + дт) 
+ (р) — DW) (dp + dg?) 
+ (p? — ф®)(ёр® + 6D™)] dS —0. (6.44) 


Equation (6.44) is a form that is very useful for approximation. The in- 
tegrals over S7 in (6.43) and (6.44) were first presented by Eer Nisse (t°) 
and Holland and Eer Nisse (!) but without a complete derivation. A 
derivation was provided in (!5), in which the integrals over S™ first appear. 


Chapter 7 


MATERIAL SYMMETRY 
CONSIDERATIONS 


1. COMPRESSED NOTATION AND MATRIX ARRAYS 


In order to determine the solution of piezoelectric (or elastic) vibration 
problems, we will have to know the arrays of material coefficients for the 
particular symmetry of the material we are considering. The book by 
Nye (19?) is very useful in this context. The compressed matrix notation turns 
out to be more useful than the extended tensor notation when discussing 
symmetry. This matrix notation consists of replacing ij or kl by p or q, 
where i, j, k, and / take the values 1, 2, and 3, and p and q take the values 
1, 2, 3, 4, 5, and 6 according to the prescription in Table II. 
Furthermore 

Си = Cogs Cip = €ip, Ty = Tij = Т, = Tp. 
By virtue of the above identifications and the fact that we wish the con- 
stitutive relations (5.19) and (5.20) to be written 





T, = cb S, — eyy Es, (7.1) 
D; = CigSq + eS. E, А (7.2) 
TABLE Il 
ij or kl porq 
11 1 
22 2 
33 3 
23 or 32 4 
31 or 13 5 
12 or 21 6 
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we find that 
Si = Sp when i=j, р = 1, 2, 3, 


(7.3) 
25, = S, when i+ /j/, р = 4, 5, 6. 

We may now write the elastic and piezoelectric constants as well as 
the dielectric constants as matrices, since they all are described by two 
indices. The arrays for an arbitrarily anisotropic (triclinic) material without 
a center of symmetry are 


Суз Соз C33 C34 Сз С 
Е 13 C23 C33 C34 C35 C36 
Срд , (7.4) 


eip = | ёл C22 ©з C24 C25 ёв |, (7.5) 


єў = E19 E29 E23 А (7.6) 


Here we see the 21 + 18 + 6 = 45 independent constants exhibited. The 
arrays for a material with monoclinic symmetry, with x, the digonal axis 
(which by the International Symbol is class 2, or by the Schoenflies Symbol 
is C,), are 


Cy С Cg Cu 0 0 
Cio Cop Cog Coq O 0 
E _ |з ©з ©з ©з O 0 7 
ра Суд Сәд C34 Cuy O 0 |, (7.7) 
0 0 0 0 Css cg 
0 0 0 0 ce Cee 
еу ёз ез ёд О 0 
€i» — 0 0 0 0 €55 €56 " (7.8) 
0 0 0 0 25 eg 
ё 0 0 
eS = |0 а Egl. (7.9) 
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These arrays exhibit the symmetry of rotated Y-cut quartz when the equa- 
tions are referred to rectangular axes in and normal to the plane of the plate. 
For a monoclinic crystal all 13 + 8 + 4 = 25 constants are independent, 
whereas for rotated Y-cut quartz the 25 constants are not independent 
but are derived from a smaller number of independent constants, which 
are the independent constants of a trigonal crystal with x, the trigonal 
axis and x, a diagonal axis. The arrays for such a crystal (32, Р») are 


C Cio Сз ce, 0 0 
C12 Cu Әз —Cu 0 0 
E __ |з Сіз C33 0 0 0 

Cpa Ca —Cy 0 сы 0 0?’ (7.10) 
0 0 0 О си Cr 
0 0 0 О са Cee 

Свв = (С — Сз), 

е1 —е11 0 C14 0 0 

€ip = 0 0 0 0 — €14 — Cy А (7.11) 
0 0 0 0 0 0 
её 0 0 

es = 0 €11 0 . (7.12) 
0 O0 г» 


Thus we see that a material with this type of trigonal symmetry is described 
by 6 + 2 + 2 = 10 independent material constants. Clearly, the 25 con- 
stants for the previously mentioned rotated Y-cut quartz may be expressed 
in terms of the 10 independent material constants for a crystal in class D, 
by using the appropriate tensor transformation laws. 

Lithium tantalate and lithium niobate are two new crystalline materials 
which have higher piezoelectric coupling than quartz, and are currently 
being investigated for potential resonator and transducer applications. 
Both of these materials are trigonal, but they are a different type of trigonal 
crystal than quartz. Although x, is the trigonal axis in both quartz and 
these crystals, x, is normal to a mirror plane in these crystals instead of 
being a twofold rotation axis as it is in quartz. For these two crystals the 
crystal class is C3, = 3m. The arrays of the elastic and dielectric constants 
are the same as for quartz when referred to the principal axes, and are 
given in (7.10) and (7.12). However, the array of piezoelectric constants 
is quite different, and is given by 
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Cin = | — ez ex 0 еу 0 0 |. (7.13) 
ем ёз ©з O 0 0 


When a rotated Y-cut is formed by rotating about xı, as shown in Fig. 6, 
and the arrays are referred to rectangular axes in and normal to the plane 
of the plate the arrays have m-monoclinic symmetry with x, normal to a 
mirrorplane. The arrays of the elastic and dielectric constants are the same 
as for 2-monoclinic symmetry and are given in (7.7) and (7.9). The array 
of piezoelectric constants is given by 


0 0 0 O0 eg eg 
Cin = | ед € ёз её 0 0 |. (7.14) 
ез C32 ©зз е 0 0 


Thus it is clear that a material with m-monoclinic symmetry has 13 + 10 
+ 4 = 27 independent constants. However, if the arrays (7.7), (7.9), and 
(7.14) are for rotated Y-cut lithium niobate referred to axes in and normal 
to the plane of the plate, the 27 constants are not independent, but are 
expressible in terms of the 6 + 4 + 2 = 12 independent constants of a 
material with 3m symmetry by using the appropriate tensor transformation 
laws. | 

The polarized ferroelectric ceramics (with x4 in the poling direction) 
effectively have the symmetry of a hexagonal crystal in class C,, = 6mm. 





Fig. 6. Diagram of a rotated Y-cut of quartz. 
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The arrays for a material possessing this symmetry are 


E _ 

Coy 0 0 0 cy 0 ; (7.15) 
0 0 0 0 C44 
0 0 0 0 0 Ceg 

Свв = (C11 — Сз), 

0 0 0 0 е О 

eip = : 0 0 е O o) , (7.16) 
ез ез _€33 О 0 0 
Ey, '0 0 

8 = [0 а 0 |. (7.17) 
0 O0 eg 


Thus it is clear that a material with this type of symmetry is described 
by 5+ 3-+ 2 = 10 independent material constants. Materials with this 
type of symmetry are important because the polarized ceramics have high 
piezoelectric coupling. An isotropic material has arrays which are similar 
to the arrays for class С,, except that there are some additional relations 
among the coefficients. For one thing, all the e;; vanish, and there is no 
piezoelectric coupling. In addition to that, there are the relations 


C19 = Сз, C11 = C33, Сад = Свв› E11 = ёзз. (7.18) 


Hence there are two independent elastic constants and one independent 
dielectric constant. The relationships between the isotropic c,, elastic con- 
stants and the Lamé constants А and и аге 


Cy = А + 2и, Сіз = A, Са — И. (7.19) 


2. EAUATIONS FOR DIFFERENT SYMMETRIES 


When the arrays for the material with monoclinic symmetry (class 2, C,) 
are substituted in the constitutive equations (7.1) and (7.2) we obtain 


T, = C1144,4 + Сә + Cygl3.3 + с\л(и». з + изз) + 619,1; 


T5, = Сиу 1 + Сә2иә 2 + СәзИз,з + Сол(И» 3 + Ua з) + €19,31; 
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T33 = Cy3lly,1 + Cogo, 2 + СззИз з + Coa (42,5 + Us,2) + елф, 

Тоз = Сүйүү + Coal, ә + C343, 3 H Сабиз з + 5,2) + CaP, » 

Тз = C55(Ug,1 + шз) + Cae 03,5 + 42,1) + CosP,2 + C35, » 

Тү = C5g(Us.1 + шз) + Сєв(И ә + Мә) + ев, + C6, » (7.20) 
Dy = еуүйу у + €1305,2 + €13,53 + C14 (05,5 + 5,2) — ёф, 

Б» = е(из,у + шз) + ев, + Мә) — €229,2 — €239,5 » 

Рз = ез5(из і + шз) + Cac (3,2 + Иә) — C23P,2 — Ess, з, 


When these constitutive relations are substituted in the stress equations 
of motion 
Гы = gli, (7.21) 


and the charge equation of electrostatics 
Di i — 0 5 (7.22) 
and terms are combined we obtain 


C11,11 + (cis + Свв). 12 + (с\з + C55 )U3 1з + (c4 + C56 )Us 13 
+ (сы + C56)U3 12 + 2C56Uy әз + Cegly 22 + C55444,33 


+ €19,11 + €259,22 + (езв + €25)P әз + e357 зз = QUÀ, 


С56Из 11 + (ess + C14)Uy 13 + (сев + Cy2)Uy 12 + Cells 11 
+ Cools 22 + (Cos + Сад )из әз + 2сә4И% әз + Coqllg 22 


+ Сз4Из,зз + Саайә зз + (ев + €12)P 12 + (ess + €14)P лз = бй, fe 23) 


C55U3 11 + (ess + Суз)и 13 + (сьв + Са) ә + С5609 11 
+ Сәди 22 + 2сздИз 23 + (са + Cog Ue әз + СадИз 22 


+ СззИз,зз + Сзади зз + (e25 + €14)9 ә + (ез5 + €13)9 13 = Ql, 


епп + (ei2 + £56)U» 1» + (ез + £35)Us. 13 + (ei + Єзв)Иә 13 
+ (ei + €25 )U3,12 + (ess + e36 )U1 әз + essu, әх 


+ €3541 33 — €119.11 ^^ €22,22 — 2539 әз — 330 зз = 0. 


These аге the equations for rotated Y-cut quartz referred to axes (x1, X2, 
хз) in and normal to the plane of the plate, with x, normal to the plane of 
the plate and x, the digonal axis in the plane of the plate. The coordinate 
axes for the rotated Y-cut are related to the principal axes of trigonal 
quartz as shown in Fig. 6. In Fig. 6, 0 is the angle of the cut. The equations 
for quartz (trigonal, class D4) when referred to the principal axes (x, у, 2), 
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which are then denoted, respectively, (ху, X2, хз), are given by (7.20) and 
(7.23) provided 


Coo = C3, Соз = Cis; Сәд = — Сд, Cg4 = О, 
— — — 1 — 
C55 == Ca4, C56 — C34, Свв = 2 (C11 C43) , 
(7.24) 
€19 — ец, ез = 0, Con = — €44, Cog = — еу, 
835 = О, езв = О, £99 == ё, £93 = 0. 


When the arrays for a material with m-monoclinic symmetry аге sub- 
stituted in the constitutive equations (7.1) and (7.2) we obtain 


Ty = Cuna + сәиз a F Cyglg.3 + Cia (uo, + изә) + €219,2 + Cs1P,s 

Тә = Сузи + Coole, + СәзИз,з + Coa(Ue,3 + Из) + 229,2 + C32P,s 

T33 = Cy3l1,1 + Coglle,2 + ©ззИз,з + Сза(И» 3 + 45,2) + €239,2 + CsaP,s 

Тоз = Суди 1 + Coalla,2 + Сзаиз,з + Саа(иә,з + 3,2) + €249,2 + CaP, s 

Ts, = С5(из у + шз) + Св(Иу ә + 2) + елф, (7.25) 
Ту = (из + шз) + Свв, + 4) + Cr6P,1 

D, = еу(и з + изл) + евә + 42) — Enp, 

Dy = елщ. + ё»әй» 2 + €2345,5 + Coa(Ue,3 + Из) — &әф,ә — £239, 


D, = C3141 1 + ёзәМ» ә + еззиз з + aa (Uo, з + из з) — Eo3P 2 — ёззФ з 


When these constitutive equations are substituted in (7.21) and (7.22) 
we obtain 


Сууйу 11 + (Cyot Cog )Uo дә + (Cig t Cs5)U 13 + (C144- Ce)» 13 + (C14 t C56)U3,12 
+ 2C5glly, 23 + Су 22 + C55U1,33 + (Co: +€16)P 12 + (ёз1-Е €15)9 13 = où, 


Cselda. 11 + (C56 + C14)44 лз + (Cae H C12)t3 лә + СввИә,11 + Cools 22 


+ (Cog + C44) әз + 2C44U2 әз + Coqllg 22 + C34U3,33 + Ca4H2,33 
+ eip, + e22 22 + (e32 + €o4) әз + езаф зз == ОЙ», 
С55Из 11 + (C55+Ci3)U1 13 + (Сьв - C14)t 12 + C562 11 + Сәдиә 22 (7.26) 
+ 2C34U3, әз + (C44 F Cog Ue, әз + C44M43,22 + C333 33 + C34U2 зз 
+ eP, 11 + C2aP,22 + (34+ 23), әз + еззф 33 == Ol; , 
(ё\ь-Е ёзу )U1 31 + еџ5из + (е%-Е €91)t43 12 + €164»,11 + €23,22 
+ (e23 + €34)U3, әз + (e24 F 632), әз + e43 22 + €3303,33 


+ езди зз — €119,11 — €22P,22 — 26539 әз — зз" 33 — 0. 


These аге the equations for rotated Y-cut lithium niobate or lithium tan- 
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talate referred to axes (x,, х», хз) in and normal to the plane of the plate. 
The equations for these two materials (trigonal, class 3m = C4,) when 
referred to the principal axes (x, y, z), which are then denoted, respectively, 
(X1, X2, хз), are given by (7.25) and (7.26) provided 


Coo = Су, Cog = Суз, Сәд = — Cha, C34 = О, 
C55 — Сад, Сьв — Сд › Свв = $(€ — Сг), (7.27) 
Con = е5, ев — — Cz, ез — — C2, €55 = 0, 

ez, = 0, E22 = 811, £y; = 0. 


€32 = 313; 


When the arrays for the material in class C4, are substituted in the con- 
stitutive equations (7.1) and (7.2) we obtain 


T, == Ci, + CiUe ә + зиз з + €319,5, 

Tyo = Сәу + Сүүйз ә + С\зИз,3 + €319,5 » 

T33 = Сузи а + Ci3H2,2 + СззИз,з3 + €339,3 » 

Тоз = саа(из ә + иә з) + C1592 > 

T3, = Cag(U3,1 + шз) + еф, (7.28) 
Tis = Cag(t41, + иә), 

D, = еиз,у + €1544,5 — ёф, 


D, = €15(U5,» + Us з) — ё@11ф›, 


D; = ези + ези ә + €33U3,3 — Єззф з. 


When these constitutive equations are substituted in the stress equations 
of motion (7.21) and the charge equation of electrostatics (7.22) we obtain 


C1144,41 + (Cy. + Свв)Иә 12 + (сіз + C44)U 13 + Celi, 22 


+ Сащ зз + (ез + €15)P13 = ol, , 


СввМә 11 + (Свв + C13)U, 19 + €14,25 + (Суз + C44 U3, әз 


+ Cata зз + (езі + €15)9,23 = 0й, 


C44H3.11 + (Сл + Ci3)Uy 31 + Садиз оо + (Саа + Cis)». әз 


+ Сззиз зз + €159,11 + €15P,22 + E33 33 = OÙ; , 


€15U3 11 + (е + €31)U1 лз + еџ5из 22 + (eis + ез1)из зә 


+ еззиз зз — EuP 11 ^— ёф, 22 — €33,33 = 0. 


(7.29) 


The constitutive equations for ап isotropic material may be written ѕис- 
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cinctly in indicial notation and in vector notation in terms of the Lamé 
constants À and и, since, for the isotropic array shown 


Суы = Ад;ды + И(дьдд + дид). (7.30) 
Substituting in the elastic constitutive relations 


Ti = Cine,» (7.31) 
we obtain 
Т = Ард + ufui; + и 4). (7.32) 


Substituting this into the stress equations of motion, (7.21), we obtain 
(A + ш)иь kj + MU; дь = oli. (7.33) 
In invariant vector notation we have 


T = У.Ш + u(Vu + wW), (7.327) 


for the constitutive equations and 
(A+ и) VV -u + u V*u = ой, (7.33) 


for the displacement equations of motion for an isotropic material. 


3. MATERIAL CONSTANTS 


Values for the material constants for left-hand quartz have been de- 
termined by Bechmann (!5). When referred to the crystal axes in accord- 
ance with the notation in this chapter, for left-hand quartz the constants 
have the values 


Суу = Cog = 86.74 х 10? N/m’, с, = — Cog = С = — 17.91, Cia = 6.99, 
Сза = 0, с\з = Cog = 11.91, Cag = C55 = 57.94, c34 = 107.2, 
Сев = 3(Crr — Саг) = 39.88; 

еу = — еу; = — Cog = 0.171 C/m?, ey, = — Co, = — 0.0406, 
C13 = C35 = её» = 0; 


€11 = E09 = 39.21 x 10-!2 C/V-m, E33 = 41.03, E23 = 0. 


(7.34) 
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The mass density of quartz is 
о = 2649 kg/m’. (7.35) 


When the constants are referred to the (x,, X2, хз) axes shown in Fig. 6 
and 0 — 35.25? the rotated Y-cut is an AT-cut and the constants for the 
AT-cut determined from Bechmann's constants given in (7.34) are 


Cy, = 86.74, Ca = 129.77, €}, = 102.83, с — 825, суз = 27.15, 
сы = — 3.66, сз = — 7.42, са 5.7, C3, = 9.92, с = 38.61, 
Css = 68.81, сев = 29.01, с = 2.53; 

еу = 0.171, е = — 0.152, ез = — 0.0187, е = 0.067, e, = 0.108, 
е» = — 0.095, e}, = — 0.0761, е» = 0.067; 

Ey, = 39.21, е, = 39.82, е, = 40.42, е, = 0.86. (7.36) 


Values for the material constants for lithium tantalate and lithium 
niobate have been determined by Warner, Onoe, and Coquin (t°). When 
referred to the crystal axes in accordance with the notation of this chapter 
the constants for lithium tantalate have the values 


Cu = Coo = 2.33 х 10H N/m?, C14 = — Сод = C56 — — 0.11, Со = 0.47, 
с = 0, суз = Cog = 0.80, см = 055, = 0.94, с = 2.75, 
Свв = (61 — Сз) = 0.93; 


7.37 
е15 = Co4 = 2.6 C/m?, еоо = — C16 = — ео1 = 1.6 ( ) 
езд = ez = 0.0, €33 = 1.9, £53 = езд = 0; 

611 = E29 == 36.3 x 1071 C/V-m, €33 — 38.2, E23 — 0. 
The mass density of lithium tantalate is 
о = 7450 kg/m?. (7.38) 

The constants for lithium niobate have the values 

Суу = Cop = 2.03 x 10! N/m?, Суд = — Сол = Св = 0.09, C15 = 0.53, 
C34 = 0, Суз = Cog = 0.75, C44 = C55 = 0.60, C34 = 2.45, 

Cee = (суу — с) = 0.75; | 

66 ( 11 12) (7.39) 
е = ең = 3.7 C/m’, е» = — ĉie = — ед = 2.5, 

езі = € 32 = 0.2, C33 — 1.3, C53 = C34 = 0; 


€11 = E09 = 38.9 x 10-1! C/V-m, E33 — 25.1, €53 = 0. 
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The mass density of lithium niobate is 
о = 4700 kg/m. (7.40) 


There are so many different high coupling polarized ceramics which 
have the effective symmetry of a material in class C4, that there seems to 
be no point in reproducing the constants for all or many of these ceramics 
here. Constants for many of these ceramics are given in the excellent article 
by Berlincourt et al. (°°). 


PART Il 


FUNDAMENTAL STANDING 
WAVE SOLUTIONS 


Chapter 8 


SOME ASPECTS OF THE THEORY 
OF WAVES AND VIBRATIONS 


1. THE INHOMOGENEOUS SCALAR WAVE EQUATION 


Before considering piezoelectric (or even elastic) vibrations—which 
are vectorial—it is enlightening to consider the mathematics of scalar 
vibration theory in some detail because the basic ideas of the two theories 
are the same and vectorial vibration theory is sufficiently complex and cum- 
bersome to obscure the basic ideas if one is not already aware of them. 
On the other hand, scalar vibration theory is sufficiently simple and straight- 
forward so as not to obscure the basic ideas. Of course, in either case we 
are considering linear vibration theory only. 

Consider the scalar wave equation in one space variable and time and 
containing a source term: 


0° ] 9o 
e e 2: =e t), (8-1) 





where о denotes the source term, which is the inhomogeneous term of the 
differential equation. It must be prescribed. The scalar ф is the dependent 
variable. Any term containing @ or any of its partial derivatives is called 
a homogeneous term. The differential equation is defined in a region of 
space-time defined by | 


a<x<b, t > 0. (8.2) 


If a = — co and b = + co the region is unbounded and we do not have 
to consider the boundary conditions associated with the differential equa- 
tion. If a is finite and b = + co the region is unbounded on one side, 1.e., 
a half space, and we do have to consider the boundary conditions on the 
bounded side. If both a and b are finite, the body is bounded and we have 
to consider the boundary conditions at both a and 5. The problem of the 
unbounded and semibounded region are similar and have many things in 
common, in particular, the existence of a continuous distribution of eigen- 
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states. On the other hand, the problem of the fully bounded body is quite 
different in character from the other two, namely, in the existence of a 
discrete distribution of eigenstates only. We are here concerned with the 
fully bounded body which possesses a discrete distribution of eigenstates, 
and will discuss the other problem only in passing. The differential equation 
we are discussing could be describing the transverse vibrations of a string, 
the longitudinal oscillations of a rod, as well as other things. 

The boundary conditions at each end consist of the specification of 
either g or дф/дх or any combination thereof. These conditions could be 
obtained from a uniqueness theorem as in three-dimensional piezoelectricity. 
The most general condition at a boundary point then is of the form 


ср + едрјдх = f(t), (8.3) 


where f(t) denotes a prescribed inhomogeneous term and c and e could be 
functions of time. Only those situations in which c and e are constants are 
of interest to us and will be considered here. Now our problem consists 
of the differential equation (8.1) and the boundary conditions 


суф + е, дф[дх = /\(ї) at x=a and t0, 


8.4) 
Cop + е 0ф/дх = f(t) at х= Б and t — O0, 
and the initial conditions 
= g(x at t=0,a<x<b, 
ф = g(x) (8.5) 


Oy /Ot = h(x) at £—0,a«x«b. 


The quantities o, f,, f2, Z, and h are the inhomogeneous terms which must 
be prescribed and which force the system into oscillation. The initial con- 
ditions g and/or Л produce so-called free vibrations, while the boundary 
and interior forcing terms fi, f>, and o are responsible for the steady- 
state forced vibrations. It should be noted that we are not interested in 
the free vibrations here, but only in the steady forced vibrations. Con- 
sequently, we take g = h = 0 and assume that any free-vibrational term 
which is generated by fi, f; , or o is sufficiently damped to be ignored. We 
further assume that the damping is sufficiently small to be ignored in the 
steady-state forced vibrational solution. Both of these assumptions are 
essentially satisfied after a sufficient number of cycles. Thus we are obtain- 
ing the solution after a sufficient number of cycles and we call this solution 
the steady-state solution. In brief, we have eliminated any consideration 
of the initial conditions and all transients associated therewith. 
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2. HOMOGENEOUS SOLUTIONS 


When fi, f;, and о vanish we have what 15 called a homogeneous 
boundary value problem (or eigenvalue problem). It is important to note 
that the solution to the inhomogeneous (forced) problem, which exists 
when апу one of f, , fz, and o are nonzero, frequently may be composed 
of solutions of the associated homogeneous (о = f, = f; = 0) problem. 
Consequently, the solution of the homogeneous problem is of fundamental 
interest. 

Let us first consider the homogeneous problem in the infinite medium 
(line). Then the boundary conditions may be left out of account. Our dif- 
ferential equation is 


M Tt -. (8.6) 


We may verify that a traveling wave solution in the + x direction is given 
by 


ф = А соѕ(ух — ot), (8.7) 
provided 
n? = w/c, (8.8a) 
Or 
w = CN, (8.8b) 


since we restrict w to be positive and real always and 7 to be positive in 
this instance. If we plot an w vs. 7 diagram from (8.85), we obtain the straight 
line shown in Fig. 7, i.e., a straight line with slope c. If instead of writing 
(8.7) we write 

ф = А cos у(х — vt), (8.9) 


7) 


Fig. 7. Frequency vs. wave number diagram for a 
nondispersive string. 
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where v is the velocity of an infinite train of waves, then 
о = үр, (8.10) 


and the slope с of the above dispersion curve is identical with the phase 
velocity v of the infinite train of waves in this simple case. 

If we had been obtaining a plate wave solution of a more complicated 
equation the dispersion curve associated with the solution might not have 
been a straight line as above, but might have been curved as shown in Fig. 8, 
or any of a number of other shapes for that matter. As a matter of fact, 
there might be portions of the dispersion curves for which 7 is imaginary 
or even complex, but w is always restricted to be real and positive. In any 
event, when 7 is real the slope of the radius vector from the origin to the 
curve denotes the phase velocity v. 

If in the present wave equation we had considered a traveling sine wave, 
we would, of course, have obtained the same dispersion curve. Moreover, 
if we had considered standing waves of the forms 


ф = B cos "x cos at, (8.11) 
9 = В sin yx cos ot, | 


we would have obtained the same straight-line dispersion relation shown in 
Fig. 7. It is precisely these latter standing waves which will be of importance 
to us in obtaining solutions to vibration problems. 

Let us now consider the homogeneous problem of, say, a string of 


чу 


7) 


Fig. 8. Frequency vs. wave number diagram for a 
hypothetical dispersive medium. 
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4 о 4 


— X 


p 
Fig. 9. Stretched string of length 2/. 


length 2/ fixed at both ends as shown in Fig. 9. For convenience, let us 
place the origin of coordinates in the center of the string; we could place 
it anywhere. Here ф is the displacement. The equation and boundary 
conditions are 


0?9 1 Ow — 
OG с ge 0 [<х <!, (8.12) 
p=0 at х= +1. (8.13) 


We will now obtain two independent sets of solutions, which correspond, 
respectively, to the symmetryc and antisymmetric motions (or modes). For 
the symmetric modes we have 


ф = А cos nx cos ot, (8.14) 
and for the antisymmetric modes 
ф = B sin nx cos wt. (8.15) 
In either case, from (8.12) we obtain the о vs. у (or dispersion) relation 
w = cN, (8.16) 


and A and B are arbitrary. Substituting in the boundary conditions (8.13), 
we find in the symmetric case 


А cos 71 cos wt = 0. (8.17) 
For a nontrivial solution to exist, i.e., 4 nonzero, we must have 
cos nl = 0. (8.18) 


Hence 
yl = пл [2, n = 1, 3, 5, 7,..., (8.19) 
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and from (8.19) and (8.16) we obtain 
w = псл[21, n = 1, 3, 5, 7,.... (8.20) 


These values of о іп (8.20) are the natural (or eigen) frequencies of the 
symmetric modes. From the boundary conditions (8.13), in the antisym- 
metric case we find 

B sin yl cos wt = 0, (8.21) 


and for a nontrivial solution we must have 
sin nl = 0. (8.22) 


Equations of this nature are called transcendental frequency equations. We 
will be concerned with equations of this nature—but much more complicat- 
ed ones of course—throughout. 

From (8.22) we have 


yl = пл[2, n = 2, 4, 6, 8,..., (8.23) 
and from (8.23) and (8.16) we obtain 
w = псл/21, n = 2, 4, 6,8,.... (8.24) 


These are the eigenfrequencies of the antisymmetric modes. 

Suppose we consider the same string, but have the slope vanish at 
both ends instead of the displacement. The boundary conditions now 
become 


др/дх = 0 at х= +І. (8.25) 
Then for the symmetric motions we have 
ф = А cos "x cos ot , (8.26) 


and from (8.25) we obtain 
sin nl = 0, (8.27) 


so that from (8.27) and (8.16) we have 
w = псл[21, п = 2, 4, 6, 8,...; (8.28) 
and for the antisymmetric motions we have 


9 = B sin ух cos ot, | (8.29) 
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and from (8.25) we obtain 
cos nl = 0, (8.30) 


so that from (8.30) and (8.16) we have 
w = псл[21, n = 1,3, 5, 7,.... (8.31) 


From this we see that the boundary conditions have a strong influence on 
the natural frequencies of the system. In fact, in the two systems the natural 
frequencies of the symmetric and antisymmetric modes have been inter- 
changed. 

Suppose we consider the same string, but have the slope vanish at 
one end and the displacement at the other. The boundary conditions be- 
come 

дфр|дх=0 at х=—1, (8.32) 


р=0 at x-l. (8.33) 


Now, we will not have separate, uncoupled symmetric and antisymmetric 
motions because the system is no longer symmetric. From the differential 
equations we have the independent solutions 


Фф = А cos nx cos wt, 


| (8.34) 
ф = B sin yx cos wt, 
where in both solutions 
n=o/Cc, (8.35) 
and A and B are arbitrary. Hence we have the sum solution 
ф = (A cos ух + B sin nx) cos wt, (8.36) 


since the system is linear. Substituting from (8.36) into the boundary 
conditions (8.32) and (8.33), we obtain 


[— 49 sin n(— I) + Ву соз n(— Г] cos ot = 0, (8.37) 
[A cos 2l + B sin yl] cos ot = 0, (8.38) 

Or 
An sin nl + Ву cos yl = 0, (8.37) 


А cos nl + B sin nl = 0. (8.38') 
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For a nontrivial solution to exist, i.e., for A and B nonzero, the determinant 
of the coefficients of A and B must vanish, and we obtain 


п sin nl 1) cos yl 


cos nl sin ni| 0. (8.39) 
Expanding (8.39), we find 
n sin’yl — y cos?nl = 0. (8.40) 


This is a more complicated transcendental frequency equation than obtained 
previously. Since у ~ 0, we have 


51021 — cos?nl = 0, (8.41) 
or 
cos 2nl = 0, (8.42) 
and 
2nl = пл[2, n = 1, 3,5,..., (8.43) 


and from (8.43) and (8.35) we find 
w = псл [Al, n=1,3,5,.... (8.44) 


We could go on to consider more complicated homogeneous boundary 
conditions, but no new ideas would be introduced. However, the trans- 
cendental frequency equations would become even more complicated. 


3. STEADY-STATE FORCED VIBRATIONS. | 


Let us now consider an inhomogeneous (forced) vibration problem 
with an interior forcing term. The boundary conditions are homogeneous 
—say, zero displacement conditions (8.13)—and the interior forcing term 
in (8.1) is taken to be 


о = Kcosat. (8.45) 


The classical procedure consists of first obtaining the solutions to the 
associated homogeneous eigenvibration problem, which we have already 
done, then expanding K in the complete set of eigenfunctions of the homo- 
geneous solution, expanding the solution to the forced problem in the 
same set of functions, and evaluating the coefficients of each term of the 
solution. Let us briefly run through this procedure. We will then run through 
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another very useful procedure, which has applications when the classical 
procedure doesn’t. Both forms of solution are useful in their own way. 
In the solution let 


ф(х, t) = ф(х) cos ot. (8.46) 
Then substituting (8.45) and (8.46) into (8.1), we obtain 


dy 
dx? 





со? 
+-тФ=К, -1<х <1, (8.47) 


апа from (8.13) we have 
ф = 0 at х= +1. (8.48) 


We have already obtained the eigensolutions to the associated homogeneous 
problem. They are 


Pn = A, COS ,X, Na = пл[21, n = 1, 3, 5,..., (8.49) 
for the symmetric modes and 
Q4 = B, sin үх, 9), = пл[21, п = 2, 4, 6,..., (8.50) 


for the antisymmetric modes. Expanding К іп a series of the eigenfunctions, 
we have 


K= y C, COS Lo X 4 sin 7,X (8.51) 


n=1,3 


where by virtue of the orthogonality of the eigenfunctions we find 
= (K/D) Í f cos nx dx = (2K/n,l) sin тЇ, dy = 0. (8.52) 
Expanding 9 in a series of the eigenfunctions, we have 
p = x A, cos х + X В, sin тух (8.53) 
n= 


and substituting in the differential equation (8.47), we find 


Со 
— 


х Tn An COS Nn X — X in "B, sin NnxX 
n=1,3 
+ E x A, cos Nyx + —- У В, 510 nyx = > Cn COS Хх. (8.54) 


n=2,4 n=1,3 
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Now from the eigensolutions we know that 
Nn? = oc. (8.55) 


Hence, substituting from (8.55) into (8.54), we obtain 


Y [4,(0? — 0,2) — cc,] cos тых + У В, (02 — w?) sin nx = 0, (8.56) 
n=1,3 n=2,4 
which, by means of the orthogonality [(), Chapter 1] of the eigensolutions, 
yields 
B, — 0, A, = c*c,/(w? — @,”). (8.57) 


Hence, substituting from (8.57) into (8.53), we see that our solution may 
be written 


M C 
ф = у WE d COS Хх, (8.58) 
from which it is clear that a symmetric (in this case constant) forcing 
function cannot force the antisymmetric motions, which was clear on 
intuitive grounds. From the form of the solution (8.58), i.e., the fact that 
each term contains a resonance denominator, it is clear that when the 
driving frequency с is very near a particular natural frequency о; the ith 
term dominates the entire series and the solution may be written 
с°с; 
p = —,— —,- COS 1;Х, (8.59) 
— o; 


w? 


and when w = о; the steady-state solution blows up. 


4. ORTHOGONALITY OF THE EIGENSO LUTIONS 


It is clear from the foregoing that the orthogonality of the eigen- 
solutions was crucial to obtaining our result. Although the eigensolutions 
turned out to be trigonometric functions in this simple case, and it is well 
known that the trigonometric functions are orthogonal, the orthogonality 
properties are more far reaching (fundamental), and in fact are a direct 
consequence of our differential eigensystem. That is, any solution of the 
homogeneous differential equation and homogeneous boundary conditions 
can be shown to be orthogonal without actually obtaining the solution. 
This is an important fact, since when we have such a general proof of 
orthogonality we don’t have to examine the orthogonality of complicated 
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solutions, which is very desireable with complicated functions—especially 
complicated vectorial functions. 

To this end consider two eigensolutions to the homogeneous differential 
equation (8.47) subject to the same homogeneous boundary conditions 














d? Wm 
d'p, , Dn” 
d + Gb Pn = 0. (8.61) 
From (8.60) and (8.61) form the equation 
й?р» __ ао, Om ии On __ 
Pn do Pm dx? + od Фм» = 0, (8.62) 


which with an integration from — / to + / can be written 


І Г Wn” — Wm" [i 
[PnPm' ири =—2——™ | nn dx, (8.63) 


from which it is clear that for any homogeneous boundary condition [Eq. 
(8.3) with f(t) = 0] the left-hand side vanishes. Hence if wm 5 c, 


[ _ Фыф„ dx = 0. (8.64) 


We will now obtain the solution to the previous forced vibration prob- 
lem in the second manner, which will be a particularly useful procedure 
to us in future problems. 
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The second manner of obtaining the steady-state solution of (8.47) 
subject to (8.48) consists of writing 


ф= х т №, (8.65) 
and substituting іп (8.47) and (8.48) їо obtain 


а w? а? 
ах? + 72 + ах? 


х + є = 0 at х= +l. (8.67) 








со? 
фер К, —I<x<l, (8166) 
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We now select у so that v satisfies a homogeneous equation. Hence 





x —cKlo?, (8.68) 

а? 2 
ae ua = 0, —I<x<l, (8.69) 
y = — 7K/o? at х= +l. (8.70) 


Clearly, the differential equation (8.69) is satisfied by 
р = А cos nx + В sin ух, (8.71) 


where 
n = ос. (8.72) 


Substituting in the boundary conditions (8.70), we find 


A cos yl — B sin nl = — c?K/o’, 
| (8.73) 
А cos nl + B sin nl = — с°К/в%. 
Adding, we obtain 
A cos yl = — Klo? , (8.74) 
and subtracting, we obtain 
B sin gl = 0. (8.75) 


Equation (8.74) is inhomogeneous, and shows that symmetric motions are 
forced by a uniform forcing field; whereas (8.75) is homogeneous, and 
shows that antisymmetric motions cannot be forced by a uniform forcing 
field. More precisely, from (8.75) we have 


B —0, (8.76) 
and from (8.74) | 
A = — c*K[(o*? cos nl). (8.77) 


Resonance occurs when the amplitude of the forced oscillation goes to со, 
i.e., when A = co. From (8.77) we see that this occurs when 


cos nl = 0. (8.78) 
Note that 





| CK ( || COS 7X 


— 22 == 8.79 
єз COS РЕ COS wt, 9 = ос, ( ) 
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is the steady-state solution for any driving frequency w off resonance, and 
simply diverges at resonance. 


6. BOUNDARY FORCING 


Now let us consider the problem of a boundary (here an edge) forcing 
term. We have the differential equation (the time factor cos wt has been 
removed) 


2 
+— g =0,  —I«xc«l, (8.80) 





and the boundary conditions 
ф = 0 at х= — 1, (8.81) 
ф = Н at x = 1 (really Н cos wt). (8.82) 
If we wish to use the classical (Fourier) procedure, we write 
P=XTY, (8.83) 
and, substituting from (8.83) into (8.80)-(8.82), obtain 


d*y w? dy w? 


ae tet ae ao (8.84) 
xty=0 at х=—/[, (8.85) 
y +y = Н at х = І. (8.86) 


We now select y so that the boundary conditions оп y are homogeneous. 
That is, we wish x to satisfy the conditions 


y —0 at x——][, (8.87) 
ү = Н at х=]. (8.88) 
This is accomplished by the selection 


, - 1. ( +2). (8.89) 


Substituting from (8.89) into (8.84)-(8.86), we find 


dp 
dx? 





w? o Н X 
+Sy=- SF (143). —l«x«l, (8.90) 
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y = 0 at х= l. (8.91) 


We now proceed as before, 1.е., we obtain the solutions to the homogeneous 
eigenvalue problem defined by 


2 2 
oe Spy 0, —l<x<l, (8.92) 





y=O at х= cl, (8.93) 


and then expand the forcing term 
2 
— 25 ( + >) | (8.94) 


and the function v as an infinite sum of all the eigensolutions y, of (8.92)- 
(8.93), and then evaluate the amplitudes (coefficients) of each y, by means 
of the orthogonality of the y,. There is no point in repeating this procedure 
here, since it is exactly the same as we followed in Section 3 except for the 
fact that the forcing term is different. From the form of the forcing term 
it is clear that a motion will be neither symmetric nor antisymmetric in 
general; but a resonant mode will be either symmetric or antisymmetric. 

Now the second manner of obtaining a solution of (8.80)-(8.82) is 
perfectly straightforward. Clearly, we may write 


ф = А cos ух + B sin ух, = wfc. (8.95) 


Substituting from (8.95) into the boundary conditions (8.81)-(8.82), we 
find 


А cos nl — B sin gl = 0, 


(8.96) 
А cos nl + B sin yl = Н. 
At this point we could simplify the problem by adding and subtracting 
the two equations in (8.96), but it is more instructive to proceed in the 
following way because it is more typical of what has to be done in more 
complicated problems. We solve the inhomogeneous simultaneous equations 
in (8.96) for A and B to obtain 





A= , — sin um cos nl —sin yl 
lA sin nl|/ | cos nl sin gl |’ (8.97) 
|. |eos xl j| / cos yl —sin yl | 
—. [cos ml H|/ (cos gl sin gl | 
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Expanding (8.97), we obtain 


A = (Н sin nD) /(2 sin nl cos nl) = H/(2 cos nl), 


В = (Н cos 71)/(2 sin yl cos nl) = A/(2 sin nl). (8.38) 
These are two inhomogeneous equations for A and B. These equations 
show that in general a motion will be neither symmetric nor antisymmetric. 
However, since the resonance denominator factored into two parts, a re- 
sonant mode will be either symmetric or antisymmetric. This is clear from 
the above equations since there are two separate conditions for resonance, 
i.e., resonance occurs when either A or B go to infinity. In this case they 
go to infinity separately (and not together), and that is why a resonant 
mode is either symmetric or antisymmetric even though the solution is 
asymmetric. Note that 








H (22 х sin Nx 


9 => (cos rl sin 97 | COS wt, == @/с, (8.99) 


is the steady-state solution for any driving frequency o off resonance, and 
simply diverges at a symmetric or antisymmetric resonance. 


7. ORTHOGONALITY OF PIEZOELECTRIC VIBRATIONS 


Consider two eigensolutions of the homogeneous piezoelectric equations 


Tiji = OÙ, (8.100) 

р, —0, (8.101) 

Tig = Сір — erijEk » (8.102) 
Dj = eiyiSyi + £g Ex, (8.103) 
Sy; = $0, + и), (8.104) 

Er = — Фф}, (8.105) 


one solution at frequency wpm and the other at w,,. The solution at frequency 
Wm satisfies the equations 


Thi T 00m uj" = 0, (8.106) 


р", = 0, (8.107) 
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and the solution at о, the equations 
Th i t oo, uf =0, (8.108) 
Р"; = 0. (8.109) 
From (8.106) and (8.108) form the equation 
Us Ti, — ui Thi + Olm — Wy" )uj"uj = 0. 
Now, we have 
ute; — uthi (uth); Sig — (uth), Sti 


27 ij “ij 
—— nm | MeN — N yM MaN 
= (uth — uf"): — Syt + Sgt; 


(8.110) 


and from (8.101)-(8.103), and the symmetry of the elastic and dielectric 
coefficients we have 


MaN __ N yM — m n __. n —— — 
Sire — уту = (ср — е„;Е") — (с; — ex Ex") 


— n — m n 
= pS t Ey" — epi SPE, 


J^" 
= (Dj? — e Ep!) Ej" — (Dj — ej ,EP)E," = D, Ej" — D," E," 
= — De" + Dye’ = (Ру"") r — (Dj) у. (8.111) 


Substituting from (8.111) into (8.110), we obtain 
(urth — uth + Dio" — Dg"); + о(о?,, — onu” uj = 0. (8.112) 
Integrating (8.112) throughout the volume V, we find 
[| S (ти; — niju” + пра" — трг") ds 
= (o, — 0,2) f "jur dV. (8.113) 
From (8.113) it is clear that for any homogeneous boundary conditions the 


left-hand side vanishes. Hence, if о, 5 œ, for homogeneous boundary 
conditions we have 


f urur dV —0 if mÆn, (8.114) 


which is the orthogonality condition for piezoelectric vibrations. 


Chapter 9 
THICKNESS VIBRATIONS OF PLATES 


1. FREE ELASTIC THICKNESS VIBRATIONS 


The plate is infinite in extent and bounded by two parallel planes 
located at, say, x, = +h, as shown in Fig. 10. For our purposes, both 
faces of the plate may (or may not) be completely coated with electrodes 
which are infinitesimally thin. Since the electrodes are infinitesimally thin, 
all possible mechanical effects may be ignored. When the electrodes are 
there we shall assume that an alternating potential difference is applied 
to them. 

Let us first consider a few purely elastic eigenvibration problems so 
that later on we can note the influence of the piezoelectric coupling. This 
approach will also be instructive, since the purely elastic problems are less 
cumbersome. The mechanical boundary conditions are | 


T, =0 at х= +h. (9.1) 


Referring to Fig. 10, thickness vibrations correspond to solutions which 
depend on the x, spatial coordinate only, and are independent of x, and x3. 

For the thickness eigenvibration problem for an ‘isotropic plate the 
differential equations become 


LU, 22 = QU, 
(A + 2u Us, 22 = ой, (9.2) 


ШИз 22 = oü; , 


X2 


2h X 


Fig. 10. Infinite plate of thickness 2h. 
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and the boundary conditions become 


T, = uu; = 0 at хо = +h, 
Т, == (A + 2H )us 2 — 0 at Xo = + h А (9.3) 
Тоз = риз з = 0 at х = LA, 


from which it is clear that the three displacements и, , Ug, and из uncouple, 
and we have three independent scalar wave equations, which have already 
been solved in Chapter 8. The only additional information which we now 
have is that 


c = (ulo)? (9.4) 


for shear vibrations and 


c = [A + 29)/o] ^? (9.5) 


for extensional vibrations. Exactly the same sort of thing happens for the 
material with hexagonal symmetry, for the symmetry axis either in the 
plane of the plate or perpendicular to the plane of the plate. 

For the material with monoclinic symmetry, with x, the digonal axis 
in the plane of the plate and x, perpendicular to the plane of the plate, 
the differential equations and boundary conditions, respectively, become 


Свв оз == ОЙ, 
Cols 20 + Сә4Из 22 = ой», (9.6) 


Соло 22 + C443, 22 == ОЙз, 


Tə = Cet,» = 0 аї X» — +h, 
T, = Cools о + Сәдиз,ә = 0 at х, = +h, (9.7) 
Тз = Coal 2 T Cag, 2 = 0 at х = +h. 


Thus it is clear that the 44 displacement is uncoupled from и, and из, but 
и, and и» remain coupled even in a thickness solution. The thickness vibra- 
tions depending on the u, displacement are governed by a scalar wave 
equation as before with 


с = (ce6/0)? , (9.8) 


and we have already obtained the solution. The thickness vibrations depend- 
ing оп u, and и, are a little more complicated than the previous ones. Let us 
obtain the solutions. Consider as a solution of the differential equations 
(9.6) 
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и = 0 , 
Uy = (A, COS ух, + В, sin nx) cos wt, (9.9) 
из = (A, cos ух, + В» sin nxa) cos wt, 
which satisfies (9.6) provided 
As(cayr? — oo?) + Аза? = 0, 
Aca? + Аз(Саа? — оа?) = 0, 


Balcan? — оо?) + BsCoan” —0, 
Bacan? + Вз(саа? — oo?) = 0, 


(9.10) 


(9.11) 


which shows that the symmetric and antisymmetric motions are not coupled 
by the differential equations. In other words, we can have a nontrivial 
solution with either A, = 0 or B, = О (о = 2,3). Dividing Eqs. (9.10) and 
(9.11) by 7? and defining A as oo?/5?, and noting that for a nontrivial sym- 
metric solution В, = 0 and the determinant of the coefficients of the A, 
must vanish, 1.e., 


Cog — A Coa 
= 0, 9.12 
Coa Сад — А ( 
we obtain the two values of A 
At = (Coo + са) + 2[ (Coe — Cu) + 4с]. (9.13) 


For each value of A we obtain amplitude ratios 
[45*:45*] = [Coa:(A* — c22)], (9.14) 


and a dispersion curve as shown in Fig. 11. Thus we have two dispersion 
curves in this case. For a nontrivial antisymmetric solution A, = 0, and 
we obtain the same A+ and amplitude ratios for the B,+ as we did for the 
A,* in the other case. We now have the four boundary conditions (two on 
each surface) given in (9.7) remaining to be satisfied. It is instructive— 
because it is at times necessary—to proceed in the following general way. 
Take u, as a sum of all four solutions—two symmetric and two anti- 
symmetric—of the differential equations. Thus 


и» = [C*A,* cos ntx, + CA, cos т] хә + DtB,* sin ntx 


+ D-B, sin үх] cos ot, 
(9.15) 
из = [C^ A3* cos ntx, + C- Ag" cos ух, + D* B4* sin n+x 


C-D- B, sina х»] cos wt. 


84 Thickness Vibrations of Plates [Ch. 9 


»* 





7) 


Fig. 11. Frequency vs. wave number diagram for elastic thickness 
vibrations in a rotated Y-cut quartz plate. 


Substituting from (9.15) into the boundary conditions (9.7), we obtain 


F С+(сь»4ь* + Саз) (sin nth) F C^ (C2247 + c3443 )r] (sin 7), 
+ D*(cssBs* + c34,B5*)n* (cos nth) + ”р- (с.В, + 034B4 )rj (cos nh) = 0, 
(9.16) 
F Ct (CogAgt + 04443* )n* (sin nth) F C^ (es4457 + Саз) (sin nmh) 
+ D*(cBs* + C44B3*)nt (cos nth) + D (e3,Bg^ + c44B3 ) (соз mh) = 0, 


in which the upper sign refers to the boundary conditions at the upper 
surface and the lower sign at the lower surface. Adding, we obtain 


D'*(cs4B5* + c34B3*)n* (cos nth) + D^(es3Bo7 + сыВ, у (cos nh) = 0, 
(9.17) 
D*(c44B5* + c44B3*)q* (cos nth) + D-(Co4Bo- + C44B3-)n-(cos nh) = 0, 


and subtracting, we obtain 


C*(CypAg* + CogAg*)q* (sin nth) + C^ (Co2427 + 09445 )rj (sin nh) = 0, 
(9.18) 
С+(сы4ь* + c4443*)n* (sin nth) + C (e4457 + c44s5 ) (sin y A) = 0, 


which shows that the symmetric and antisymmetric solutions of the dif- 
ferential equations are not coupled by the boundary conditions. For a 
nontrivial antisymmetric solution Ct = C- — 0, and the determinant of 
the coefficients of D* and D- must vanish, i.e., 
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(с2В,+ + c44,B5*)n* cos nth (СВ + CogBs~)n~ cos 17А 


=0, (9.19 
(CogBot + c4,B3* m* cos nth (с.В + с.В) cos 7А (9.19) 


and from (9.19) we obtain the two independent transcendental frequency 
equations 


cos 7th = 0, cos q-h = 0. (9.20) 


Consequently, either D- = 0 or D* = 0, and the two independent anti- 
symmetric solutions of the differential equations are not coupled by the 
boundary conditions in this case. From the transcendental frequency equa- 
tions (9.20) we have 


nth = nn[2, n = 1, 3,5,..., (9.21) 
and the eigenfrequencies are given by 
wt = (At/o)}?nx/2h, n=1,3,5,.... (9.22) 


Exactly the same sort of thing happens for the symmetric modes, when 
D+ = D- = 0; and the eigenfrequencies are given by Eq. (9.22), but with 
n=2, 4, 6,.... 

Now, let us consider an arbitrarily anisotropic material. For thickness 
vibrations we have the differential equations 


Содир 22 = OU; , (9.23) 


and boundary conditions 
Tə; = Cojk9Uk,o = 0 at x, = + h. (9.24) 


Let us see if we can determine purely antisymmetric solutions. Consider 
as a solution of the differential equations 


и; = A; sin NX COS wt, j = 1, 2, 3. (9.25) 
This is a solution of (9.23) provided 
(Cojne — Ад) Ax = 0. (9.26) 


Equation (9.26) is a system of linear, homogeneous, algebraic equations 
in the A,, and for a nontrivial solution to exist the determinant of the 
coefficients of the A, must vanish, 1.е., 
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This is a cubic equation in A and yields 34'?, which, for our purposes, 
are all assumed distinct. Since 


Cojk2 = Соо) = Cokje › (9.28) 


this is an algebraic eigenvalue problem for a symmetric matrix, and this 
problem has already been covered in great detail by us, from which we 
can assert that the 3A‘) (here distinct) are all real and that the eigenvectors 
A* of the three independent solutions are mutually orthogonal, so that the 
displacements u* are, of course, mutually orthogonal also. From the fore- 
going it is clear that there are three dispersion curves which are all straight 
lines, as shown in Fig. 12. In order to satisfy the six boundary conditions 
in (9.24) (three on each surface), we will try a sum of the three independent 
antisymmetric solutions of the differential equations. If we were to require 
six solutions, we would need the three independent symmetric solutions 
as well. Thus we take 


3 
u, = Y, CA” (sin 2]'®'х„) cos wt (9.29) 
a=1 


as the solution. Substituting from (9.29) into the boundary conditions (9.24), 


we obtain 
3 


CC. ks Ay? cos mh = 0 (9.30) 


a= 


on each surface. Consequently, the antisymmetric solutions are adequate, 
and we do not need the symmetric solutions. The equations are linear, 


2) 


Fig. 12. Frequency vs. wave number diagram for elastic thickness 
vibrations in an arbitrarily anisotropic plate. 
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homogeneous, algebraic equations in the C, and for a nontrivial solution 
to exist the determinant of the coefficients of the C(? must vanish, i.e., 


| Созо] cos y ?h | = 0, (9.31) 
and we obtain the three independent transcendental frequency equations 
cos nh = 0, a = 1, 2, 3. (9.32) 


Consequently, for each eigensolution two of the three C? = 0, and the 
three independent solutions of the differential equations are not coupled 
by the boundary conditions. Therefore from the previous discussion we 
know what the antisymmetric eigenmodes look like. The eigenfrequencies 
of the antisymmetric modes are 


wo = (A foyinz[2h; о = 1,2,3; n=1,3,5,.... (9.33) 


This result is due to Koga (2°). From the foregoing the symmetric eigen- 
solutions are obvious. The implications for propagating elastic waves in 
anisotropic crystals are obvious. 


2. FORCED PIEZOELECTRIC THICKNESS VIBRATIONS 


Let us now consider a forced piezoelectric thickness vibration problem. 
We will consider a material with monoclinic symmetry (rotated Y-cut 
quartz), since the material with hexagonal symmetry is somewhat simpler. 
The differential equations are 


Свв әз + €26,22 — Ot, , 


Cools әз t СәдИз, 22 = ОЙ», 


. (9.34) 
Сә4Иә әз T Ca4Ms,22 = OUs, 
Coglty 22 — €22,22 = 0; 
and the boundary conditions are 
Ту = Сеш з + C26P,2 = 0, at х = +h, 
To. = си Coglla ә = 0, at х, = + Р, 
22 2245.5 + Coslls 2 2 + (9.35) 
Тоз = Co4Uz2 з + Сади, = О, at х = +h, 
ф = + po COS wt, at x, = +h. 


From the differential equations (9.34) and the boundary conditions (9.35) 
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it is obvious that only the u, displacement is coupled to the electric po- 
tential. Hence we take 


U, = из = 0, 
U,(X,, t) = иү(х») cos ot, (9.36) 
(xz, t) = g(x) cos ot, 


and substitute in the differential equations (9.34), which are then mani- 
pulated to obtain 


[Ces + (36/22) 1,22 + eo*u, = 0, (9.37) 
P = (ez6/E22) + LyX2 + 1. (9.38) 


Substituting from (9.36) and (9.38) into the nontrivial boundary conditions 
in (9.35), we obtain 


[Css + (€56/€22) ]t1, 2 + esL, = 0 at x, = +h, 


(9.39) 
(е%/&еә)му + LA+ Le = + Qo; at х, = +h. 
Consider the antisymmetric function 
uU, = А sin үх, (9.40) 


as a solution of the differential equation (9.37). This satisfies (9.37) provided 
Cos” = Qo, (9.41) 
where 


Свв = Свв + (€3o/ 622) (9.42) 


is the piezoelectrically stiffened elastic constant. If we were to consider 
the symmetric solution, we would find that it could not be forced. Sub- 
stituting from (9.40) into the four remaining boundary conditions (9.39), 
we obtain 
Ceen A COS nh + CogLy = 0 at Xo == + h, (9.43) 
+ (€56/E22)A sin nh + Lh 4- L, — + Po at Xo = + h. (9.44) 
Hence solving (9.44) for L, and L,, we find 


L,=0, 


(9.45) 
Ly = (Po/h) — (€26A/éagh) sin nh, 
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and substituting from (9.45) into (9.43), we obtain 





2 . 
€», sinnh\ _ B Po 
Бы, 7 | = — bo AC (9.46) 


A( сыл cos nh — 
Equation (9.46) is an inhomogeneous linear algebraic equation in A. Con- 
sequently, the antisymmetric modes are forced by the application of an 
alternating voltage to the surface electrodes. Resonance occurs when the 
coefficient of A in (9.46) vanishes, i.e., when 


tan nh = (Ez2266/€26) Nh = nh[k$s. (9.47) 


Thus for this piezoelectric plate the wavelengths of overtone resonances 
are not integral fractions of the fundamental; as a consequence the resonant 
frequencies of overtone modes are not integral multiples of the fundamental. 
The deviation from the integral multiple relationship depends on the elec- 
tromechanical coupling factor К» only. Consequently, the coupling factor 
can be determined from simple resonance measurements (fundamental plus 
at least one overtone) only, and antiresonance measurements are not re- 
quired. Tables for doing this exist in the literature (23). 

Now let us consider an arbitrarily anisotropic piezoelectric plate (*). 
Let the index >, instead of the index 2, denote the direction normal to the 
surface of the plate. We will adopt the convention that there will be no 
sum over repeated Greek indices, although we will continue to sum over 
repeated Latin indices. The differential equations are 


Cy jc Uk, vy + €,,9, v» = ой; 9 


(9.48) 
€ e Uk vy mn ё,„ф vy = 0 9 
and the boundary conditions are 
T,; = с„ьи v F Crj » = 0 аї х, = +h, 
> Hm, (9.49) 
ф = + фо cos ot at х, = +h. 
Let 
u;(x,, t) = u(x,) cos ot, 
jx, , t) = uj(x,) (9.50) 


ф(х,, t) = ф(х,) cos at, 


and substitute in the differential equations (9.48), which are then manipulat- 
ed to obtain | 


Ci Hy, vv + ос?и; = () ; (9.51) 
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Ф — (Cy 4/ E, Uy + Lx, -+ L, , (9.52) 


where 


Сју = Cyjky + (€,,;€ yx] Evy) ‚ (9.53) 


апа L, and L, are integration constants. Substituting from (9.50) into the 
boundary conditions (9.49), we obtain 


Cy it UR» + €,,4L, = 0 at x, = +, (9.54) 





t (М) d Lh--L.— cgo at x,— ch. (9.55) 


Consider the antisymmetric functions 
и; = A; sin 9x, (9.56) 


as a solution of the three coupled ordinary differential equations (9.51). 
This satisfies (9.51) provided 


(Gg, — Сд)Аь = 0, (9.57) 


where 


С = оо? /n?. (9.58) 


For a nontrivial solution to (9.57) the determinant of the coefficients of 
the A, must vanish: 

| С, —— Cô; | =Q. (9.59) 
Equation (9.59) is a cubic equation in C and yields three real positive roots, 
C», C®), C9. Hence for a given o there are three real 7, one for each 
С. Each C™ then yields an independent solution, and amplitude ratios 


are found from the linear algebraic equations (9.57). The amplitude ratios 
will be denoted by 


(Aj? 499.4") = (Bof po. 
Thus we have three antisymmetric solutions given by 
uf? = pf? sin n™x,, n —1,2,3; (9.60) 


and from (9.52) for each solution there exists an electric potential Фф 
given by 


e,, 
фе) = P B (sin "0х ) + Lx, + L”. (9.61) 
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Similarly, there are three symmetric solutions given by 
uf = pi" cos 7™ x, , m = 1, 2, 3, (9.62) 


where the n™ and В are exactly the same as in the antisymmetric so- 
lutions. One solution of the differential equations is insufficient to satisfy 
the eight boundary conditions. All six solutions seem to be required. Six 
solutions will certainly be enough, since the two integration constants L, 
and L, already appear in the boundary conditions, and we require at most 
eight linear algebraic equations in eight unknowns which will consist of 
L,, L,, and the amplitudes of the six solutions. Hence we take 


3 3 
и, — > Pir) Bin) sin nx + у) ОВ" COS nomx (9.63) 
m=1 


2 
n=1 


as the solution of the problem. Clearly, from (9.61) we have 


3 3 
€, . ёк 
n=1 yy m=1 


vy 


+ Lix, + Le. (9.64) 


From the two boundary conditions on the electric potential (9.55) we 
obtain 


Qo 1 3 € vk : 
L.= — n УР" > pm sin nh ; 


ry 


= 
=| 


, (9.65) 
L = — p Qon t pom COS n". 


1 vv 


Substituting from (9.63)-(9.65) into the remaining six boundary conditions 
(9.54), we obtain 


3 3 
> PME ВИТ COS nh ma У) Qe Ви" sin nen 
m-1 


n=1 
1 3 € yj yy . 
— P Mp — Bt" (sin nh) + е, T — 0 


at х, = + А. (9.66) 
Adding the equations at x, = + h and multiplying by h, we obtain 


3 . 
2 PO pm | anh (cos n) — s sin nh = — CwiPo? (9.67) 
n= - 


vy 
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while subtracting the equations at x, = +h, we obtain 


X Om Bm (т) sin ye = 0, (9.68) 


C, sj 2 


which shows that the symmetric and antisymmetric solutions of the equa- 
tions are not coupled by the boundary conditions, and, moreover, that the 
symmetric solutions are not driven by the application of an alternating 
voltage to the surface electrodes. For the antisymmetric modes which are 
driven by an alternating voltage resonance occurs when the determinant 
of the coefficients of the P™ vanishes, i.e., when 





B? |E pnh (соз st) — tt (sin ywr] | =0. (9.6) 


vy 


This is the transcendental frequency equation, from which the resonant 
frequencies may be determined. It cannot be factored, and shows that the 
three fundamental antisymmetric solutions of the differential equations are 
coupled by the boundary conditions. It is a very complicated transcendental 
equation indeed. Each term in the 3x3 determinant consists of a sum of 
three terms with a cosine function and three terms with a sine function. 
It is fortunate that in practical cases there are usually enough zeros so that 
the determinant simplifies considerably, as it does for rotated Y-cut quartz 
plates, polarized ceramic plates with surfaces parallel to principal axes, 
and many other instances. However, it does not simplify very much for 
certain principal cuts of a material in trigonal class C,, (lithium niobate) 
or C, or monoclinic class m. One may calculate resonances from the 
complicated determinant by first noting that 


Әр — [o/C™ wh , (9.70) 


substituting the constants ¢,,,, in the determinant (9.59), and then calculat- 
ing the three C? from the cubic, and the ff? from the linear algebraic 
equations (9.57) that led to the cubic. Then everything is known in the 
complicated determinant (9.69) except wh, which are then determined as 
the roots of the determinant. Note that when the piezoelectric constants 
vanish the determinant factors and reduces to 


cos 2? = 0, n —1,2,3, (9.71) 


which is the same as (9.32) in the purely elastic case. It should, of course, 
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be clear that every thickness vibration problem of a piezoelectric (or elastic) 
plate is a special case of the foregoing. 

Equation (9.69) can be written in a more compact form, which turns 
out to be more illuminating for certain purposes. To obtain this form 
construct the matrix 


Е"" = gg, (9.72) 
where 


езе, . 
GP = Be | бзьл (cos fh) — =" (віп уре), (973) 
€ 


yv 


and the В!" are assumed to be normalized. Now since the determinant of a 
matrix product is equal to the product of the separate determinants and 
det 87” is nonzero (it equals one), we have 


| E” | = | 8” G | =| By | |G" | —0, (9.74) 


which, with (9.57) and ВВ" = ômn, enables us to write 


sin 7" 
nP 09y ops COS nh COS nh COS nO Omn— Kk omo) 1] — 0 , 
2] Mh cos n" 
(9.75) 

where 

(kc)? = (Bf"e,, | Ce. (9.76) 
Expansion of the determinant in (9.75) yields 

| tan 2? 

19) COS n Oh COS nOh COS nny È (А)? ED E 1 — 0. (9.77) 


Equation (9.77) was first obtained by G. A. Coquin of Bell Telephone 
Laboratories, who communicated the result to the author. 


Chapter 10 


TWO-DIMENSIONAL STANDING WAVES 
IN ELASTIC PLATES 


1. SOLUTION FOR POLARIZED CERAMIC 


Since the solutions of problems in the theory of the vibrations of 
bounded plates may be composed of sums of solutions of the appropriate 
problems of two-dimensional standing waves in unbounded plates, the 
solution of the problem of two-dimensional standing waves in an infinte 
plate will be discussed in considerable detail. In fact, one cannot even 
attempt to obtain a solution to a vibration problem of a bounded plate 
by the methods we will adopt until one is thoroughly familiar with the 
details of the solution to the corresponding problem of the unbounded 
plate. The exact reasons for this will become increasingly clear as we proceed. 
Since waves in purely elastic plates are simpler than waves in piezoelectric 
plates—and more is known about the details of the solution—and we 
wish to see the influence of the piezoelectric coupling on the solution, 
we will consider two-dimensional standing waves in purely elastic plates 
before proceeding to a consideration of the equivalent problem for piezo- 
electric plates. To this end, we will consider the polarized ceramic material 
—excluding piezoelectric coupling—first, since it is simpler than rotated 
Y-cut quartz (25). Let the surfaces of the unbounded plate be normal to 
the polarization axis, which is in the x, direction, and let us consider stand- 
ing waves which depend on x, and x, only. Note that the solution will be 
similar to that for plate-waves propagating in the x, direction. Consider 
as a solution of the differential equations (7.29), with the e;; = 0, 


и, = A, COS nx, cos £x, cos at, 
U, = 0 " (10.1) 
Из = Аз Sin Xa COS £x, COS wt, 


which satisfies (7.29) with the e; = 0, provided 


(115° + cum? — o0*)A, + (саз + Cu) As = 0, 


10.2 
(Саа + €i3)80 A4 + (Cé? + C330? — ow*)A, = 0. ( 
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This system of linear homogeneous equations in A, and А» yields nontrivial 
solutions when the determinant of the coefficients of A, and А; vanishes, 
i.e., when 


(c£ + Саат? — ew?) (cis + Саа) n 


= 0. 10.3 
(с\з + Саа) 7 (Cak? + cag? — оо?) ( 


This equation is quadratic in w?, #2, and *?. Therefore for a given о апа & 
there are two 72, [(y)?, (5?)?]. The frequency w must be real, but ё can 
be real, imaginary, or even complex. For real or imaginary ё an 7? may 
be either real-positive, real-negative, or they may occur in complex conjugate 
pairs. If an 7? is real-positive, the corresponding 7 is real. Although both 
+ у and — 7 result, only the + 7 need be considered, since the — 7 gives 
the same solution as the + 7 because of the form of the solution (10.1). 
If an 7? is real-negative, the corresponding 7 is imaginary. Again, and for 
the same reason, only the + imaginary 7 need be considered. If the two n? 
occur in complex conjugate pairs, the resulting four 7 consist of two com- 
plex conjugates and the negatives of them. Again, because of the form of 
the solution (10.1) the negative pair give the same solution as the positive 
pair, and hence do not have to be considered. Each solution yields amplitude 
ratios when substituted in the linear equations (10.2) in A, and 43. The 
amplitude ratios are given by 


AT? = — (cis + C)Na » (10.4) 
Аў” = Cuk? + сылу — 007. 
The boundary conditions at each surface of the plate are 
T4, = Т = Тз = 0 at Хз = + A. (10.5) 


Since 4, = o and и, and и» are independent of x5, by virtue of (7.28) with 
the е,» = 0, Тз, = 0. Thus we have two remaining boundary conditions 
to satisfy at each surface of the plate. One solution of the differential equa- 
tions is insufficient to satisfy the boundary conditions; both solutions are 
required. Hence we take 

u, = sin x cos wt y C A? cos 2](»)Хз | 

n (10.6) 
из = cos x; cos ot Уу C Af? sin („Хз 


n=1 


as the solution of the problem. Substituting from (10.6) into the boundary 
conditions (10.5), with the aid of (7.28) with eji = 0 we obtain 
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| 
> C? c (AS?E T Aj" nq) sin Nimh = 0 
n=1 


(10.7) 


2 


DCM (e A8 + 0545?) COS Ninh = 0. 


n=1 


Equations (10.7) constitute a system of linear homogeneous algebraic 
equations in the C™. This system yields nontrivial solutions when the de- 
terminant of the coefficients of С and C'? vanishes, i.e., when 


c ( A56 RE AY nay) sin Nah CA (AS E RE AP No) sin NA 
(cs ATE RE C335. Na) cos NA (cs ATE RE C3345 Nio) COS NA 


(10.8) 


Equation (10.8) is a transcendental equation, the roots of which determine 
the о vs. relation for this plate. For a fixed о and &—and hence 7", 
n?, А0, AW, AP, and Af?—this equation contains an infinite number 
of roots h,,, each of which determines a point on the wh vs. Ёл relation, 
and yields amplitude relations (C%®:C(?) when substituted in the linear 
algebraic equations (10.7) in С and C», 

The foregoing has implicitly assumed both у real. However, when an 
7] is imaginary, it may be carried through the entire calculation as an ima- 
ginary quantity. In fact, some of the modern computing machines do 
complex arithmetic directly and even enable the direct treatment of some 
functions of a complex variable. Also, when ņa) and Ng) are complex con- 
jugate they may be carried through the calculation as complex quantities 
in the same way. Of course, when you obtain the final solution, it will be 
real—either because each term is real or because the complex terms occur 
in conjugate pairs. Until now we have considered £ either pure real or pure 
imaginary. However, when é is complex it may be carried through the entire 
calculation as a complex quantity. Of course, when # is complex Na) and 
Na are complex, and they are not complex conjugates. Consequently, all 
successive quantities occurring in the solution are complex, and are not 
complex conjugate. Therefore when é is complex the frequency determinat 
is complex and both real and imaginary parts must vanish simultaneously. 
However, when £ is pure real or pure imaginary the frequency determinant 
is either pure real or pure imaginary, so that only one quantity has to vanish. 
If £ (complex) is a point on the o vs. É curve, then — & and Ё (complex 
conjugate) are also points on the о vs. € curve because of the form of the 
solution. When a final complex solution is obtained it will be complex. 
However, combinations of complex conjugate (£ and £) solutions will 
be real. 
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For purposes of calculation, it is convenient to write the pertinent 
equations involved in the calculation in dimensionless form. To this end, 
we define 


y =2th/n, а = 2nh/n, Сра = СраЇ ааз =, (10.9) 


where 
© = (л /2һ)(с,„/о)!* (10.10) 


is the lowest thickness shear frequency, and substitute in Eqs. (10.3), (10.4), 
and (10.8) to obtain 








(yy? + а? — Q?) (C13 + 1) ya 
- - — 0, 10.11 
(ĉis + 1) ya (y? + C3307 — Q?) ( 
Af? = — (čis + 1) yaw), 
1 (Cis ) Уо) (10.12) 
Ax” = спу? + Qin — 2, 
(Азу + Ay” aq) sin Nda) (A;”y + Ао») sin 570 (2 








(si y T C A5 05) COS $720 (Gai y + C3343” Qo) COs PELLE 10.13) 


The relation between (2 and y is wanted from Eqs. (10.11)-(10.13). A 
straightforward procedure for calculating this relation begins by selecting 
a value of y. The further choice of 2 permits a? and a?) to be determined 
from the biquadratic equation in а, (10.11). After this 400, 40, AP, 
and A?) may be evaluated from (10.12). If the values thus determined 
satisfy the transcendental frequency equation (10.13), the selected values 
of у and  consitute a point on the 2 vs. у (dispersion) curve. If the tran- 
scendental frequency equation (10.13) 15 not satisfied, repeat the calculation 
for different values of 2 (and/or у) until the frequency equation is satisfied 
and a root has been obtained. When a sufficient number of values of у 
and Q satisfying the frequency equation have been obtained the dispersion 
curves may be plotted. 


2. DISPERSION RELATIONS FOR ELASTIC WAVES 
WITH REAL PROPAGATION WAVE-NUMBERS 


One could now proceed randomly and do a tremendous amount of 
calculation and determine the curves. One could also proceed by determin- 
ing certain critical points analytically and obtain the curves with much 
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less calculation by starting at these points. We will, of course, discuss the 
latter procedure. Furthermore, these equations must be studied exhaustively 
in the 2 уз. у region of interest because it is essential that all branches of 
the dispersion curves in the region of interest be determined before proceed- 
ing with vibration problems of the bounded plate by means of the procedures 
discussed in this monograph. 

Before proceeding with a discussion of the tracing of the dispersion 
curves we should note that the solution and dispersion curves we have been 
discussing completely determine the longitudinal modes for this elastic plate. 
Another independent solution can be obtained by interchanging cos 7x, and 
sin nx in the solution functions (10.1) and (10.6) and carrying through 
the solution in the same manner. This latter solution yields dispersion 
curves which are independent of the others and determine the flexural 
modes for the plate. 

In determining critical (or starting) points on the dispersion curves, 
we examine the solution. when у = 0 and Q 5 0. The solution degenerates 
and the frequency determinant (10.13) takes the form 


Aag sin фло) 0 
- — 0 10.14 
0 Cas A) бә) COS фла) | ) 

which yields the two transcendental equations 
sin 47001) = 0, COS $70) = 0, (10.15) 


the first of which, as we know, corresponds to the symmetric thickness 
shear modes, and the second to the antisymmetric thickness stretch modes. 
Thus we have 


Qa — n, n —2,4,6,..., 
(10.16) 
Qo) == m, т = 1, 3,5,..., 
and from (10.11), we have 
аа) = 2, Ge) = 5 |342. (10.17) 
Hence at 2 = 0 we have the points 
Q-—n, n —2,4,6,..., 
(10.18) 


Q = сут, m = 1,3, 5,.... 
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Fig. 13. Location of thickness frequencies on dispersion spectrum for 
polarized ceramic plates. 


If c3? = 1.5, then the points of the upper set and the points of the lower 
set in (10.18) take the respective positions shown on the dispersion spec- 
trum in Fig. 13. If we had obtained the antisymmetric solution, we would 
have found the points m even and n odd. These results for the antisym- 
metric modes are also shown in Fig. 13. We have to determine the dispersion 
spectrum in some region of this space shown in Fig. 13. 

If the material were isotropic, the basic characteristics of the dispersion 
spectrum would be essentially the same as in this anisotropic case, and 
would differ only in detail. Furthermore, when the elastic constants satisfy 
the isotropic relations, the algebra and, consequently, some of the associated 
discussion simplifies considerably. Moreover, for a first discussion the iso- 
tropic case is complicated enough, and a knowledge of the isotropic case 
turns out to be a useful—if not an essential— prerequisite for a discussion 
of the algebraically more complicated anisotropic case. Hence we will now 
introduce the assumption of elastic isotropy into our problem. When a 
material is elastically isotropic we have 


Cu = Сзз = А + 2u, Сіз =À, Cu = (Сі — Сз) = ш. (10.19) 
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Expansion of the algebraic determinant (10.11) yields 


ДЕ (Eel 


C33 C33 
_ = 4 
+ eu y — (2: + =)? 20? 4- a — 0. (10.20) 
C33 C33 C33 Сзз 


Introducing the isotropy relations, (10.20) may be written 


ede (Leth nen [Em nc 





! (10.21) 
where 
V? = ulo, Vir = (A+ 2и)/о. (10.22) 
The roots of the biquadratic in с in (10.21) are given by 
1 y; 1 y. 
2. 7. 25 2 __ a2 2 О? __ 2 
201 ув) 08-00001 ун). 
from which we obtain 
«+° =a, = 2? — у?, (10.23) 
a? == a? = (Vè Ve — у?, (10.24) 


which shows the major simplification which results from the assumed 
isotropy—the biquadratic equation in о in (10.21) factors into the two 
parts (10.23) and (10.24). This algebraic simplification does not occur in 
the anisotropic case. 

Substituting from (10.23) and (10.24) into (10.12) for the amplitude 
ratios, we obtain for the coefficients of the trigonometric functions in the 
transcendental determinant 


- - V? 
Ау + А001 = 2yat, (1 — Fr) , 
2 





- - ү? 
Å; y + Аү оу, = y (aiz — y^) ( — — | , 





_o¢ _ 7 VY? 
OA, y + Cas АА t = [Oe (ai = y^) ( — — | , 





o; У V, 
GÀ y + nA шш, = — Duy" (1 — s. (10.25) 
2 


Substituting from (10.25) into the transcendental determinant (10.13), we 
obtain 
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uy ( V, e 20 Sin 320, (кф) — y’) sin $a | _ 0 
| V2] | (a2) — y?) cos $ra — 2y?a,,, cos $na 07 
2 (2) — У?) (1) y Qa) (2) (10.26) 
Expanding (10.26), we find 
л (y2—aty)® л 
tan —a,1) = — ——,——— tan ~ao), 10.27 
2 (1) ду? уу ә) 2 (2) ( ) 


which is the Rayleigh (26) frequency equation governing the symmetric 
motions of an isotropic elastic plate. If in the basic solution of the problem 
we interchange cos 7x, and sin 2x4, we obtain - 


л 4у?а 102) 
tan Zea = з oe y 
y (2) 


which is the Rayleigh (?9) frequency equation governing the antisymmetric 
motions of an isotropic elastic plate. The frequency-propagation wave 
number-thickness wave number relations, (10.23)-(10.24), are the same 
as for the symmetric motions. 

In attempting to sketch the dispersion spectrum we first focus our 
attention on y real, and note that the 2-Rey plane breaks up into three 
distinct regions (*??) depending on the character of «ү, and оу. When 


tan FH) , . (10.28) 


Ql» > МИ, «(уу and су are real, 
VV, > Qly 1 Oi) real, «q, imaginary, (10.29) 
] > 2/у «(уу and оң», are imaginary. 


The character of the solutions and the mode shapes are, of course, quite 
different in the three regions. Schematically, we have the regions shown 
in Fig. 14. Besides the thickness solutions which we have already discussed, 
there are other simple solutions at which the frequency equation degener- 
ates, and which are helpful in the approximate sketching of the spectrum. 
One such set of simple solutions are the Lamé solutions, which are given by 


оо) == у?, COS іла (з, = 0, Œi) = l, 3, 5,. e 5 (10.30) 
for the symmetric motions and 
Oa) =", sin $a; = 0, оу = 2, 4, 6,..., (10.31) 


for the antisymmetric motions. Clearly, these solutions intersect the line 
Q =yv 2. Schematically, we have the Lamé frequencies shown in Fig. 15. 
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Re У 


Fig. 14. Regions of real and imaginary thickness wave numbers in 
the 2 vs. Rey plane for an infinite isotropic plate. 


Another set of simple degenerate solutions are those along the line 
Q = Viy/V_ when a, = 0. We will not bother to discuss this set. 

In the lowest range of £2/y, «у, and a.) are pure imaginary. An imagin- 
агу Qa) OF as, Will be denoted by 


а) == Їй), Озу = ig. (10.32) 


Re У 





Fig. 15. Location of the Lamé modes on the dispersion spec- 
trum of an infinite isotropic plate. 
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It should be noted at this point that although the q@,, are either pure real 
or pure imaginary for real y in the isotropic case, in the anisotropic case 
there are frequently ranges in which they are complex. This is one of the 
algebraic complications which are avoided in the isotropic case. In the 
lowest range of 2/y the equation for the symmetric modes (10.27) becomes 


tanh (200/2) 42a) 


аа aO 10.33 
tanh (a/d)  @? + aay) 0929 
апа (10.28) for the antisymmetric modes becomes 
tanh (7G ()/2) __ (у? + Gy)" (10.34) 


tanh (1 4)/2) i 4y*à 49) | 


For у very large (wavelengths very short compared to Л), we obtain from 
both (10.33) and (10.34) for both the symmetric and antisymmetric motions 


(у? + 0%)? = 470 (1a). (10.35) 


Substituting from (10.23) and (10.24) into (10.35), we obtain 


Qo Q V, \ Q? VC 
5-8 ose) iE]-r ee 








which is the equation governing the velocity (Q/y) of Rayleigh (?5) surface 
waves in an isotropic solid. This equation, which is valid only in the region 
Q/y — 1, has only one root in this range. For V,/V, — 1.5 that root is 
given by 


О/у = 0.8935, (10.37) 


which corresponds to a straight line slightly below the О = y line on the 
dispersion spectrum. Clearly, this line will be an asymptote for at least one 
curve for the symmetric motions and one curve for the antisymmetric 
motions. 

Still in the lowest 2/y range, we have for y very small (wavelengths 
very long compared їо Л) 2 — 0, @.) > 0, and à, — 0. In this limit the 
equation for the symmetric modes (10.33) becomes 


(у? + ia) = 4y*aty, (10.38) 
from which, with the aid of (10.23) and (10.24), we obtain 


Q = 2у[1 — (V/V), (10.39) 


Sec. 2] Dispersion Relations for Elastic Waves 105 


which does not lie in the range Q/y < 1 since V,?/V,? < $, and hence is 
invalid. In the same limit (у very small) for the antisymmetric modes we 
must use the first two terms in the expansion for the tanh x, i.e., tanh x 
= x — ix*. Using this expression, the transcendental equation (10.34) for 
the antisymmetric modes becomes 


4y iie — зл?у?аьу = (у? + Gi) (1 — Бл), (10.40) 


from which, remembering that Q — 0 and y — 0 and using (10.23) and 
(10.24), we obtain 





» V 1/2 | | 
Q — ay lz (i- yz) | (10.41) 


which is an unfamiliar form of the dispersion equation in the classical 
theory of the flexure of thin plates. 

In the intermediate range of 2/y the transcendental equation (10.27) 
for the symmetric modes takes the form 


tan (7&,5/2) — 4у?@ о 


с (ар m ; 10.42 
lanh(nA,/2) — (y! afp) (19.42) 
and (10.28) for the antisymmetric modes 

tan (7925/2) (y? — o) 

——— B — AOO, 10.43 

tanh(nà,/2) Ауа 10 (з ( 


For у very small È — 0, à, — 0, апа а — 0. In this limit Eq. (10.42) 
for the symmetric modes becomes 


(y? — a)? = 4y*aàt, (10.44) 
from which we obtain 
Q —2y[1 — (V,2/V42)] ^, (10.45) 


which is a straight line intersecting the origin, and does lie in the inter- 
mediate range 1 < Q/y < V,/V. since 0 < (V;?/V,?) < $. Equation (10.45) 
is an unfamiliar form of the dispersion equation in the classical theory of 
the extension of thin plates. In the same limit the transcendental equation 
(10.43) for the antisymmetric modes takes the form 


л? 


1 - 
- 4у (1+ трач) 0° — «(1-1% аһ), (10.46) 
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which yields the same dispersion relation, (10.41), as for the classical theory 
of flexure, which lies below the intermediate range, and hence is invalid. 

The lowest antisymmetric curve is confined to the lowest 2/y region 
and is asymptotic to the Rayleigh surface-wave line from below. The lowest 
symmetric curve crosses the line (2 — y separating the lowest from the 
intermediate region. The crossover point is found by taking the limit of 
the transcendental equation (10.42) for the symmetric modes as ос) — 0, 
to obtain 

4001) tanh $n.) = 5лу?, 


from which with the aid of (10.24) we find 





2 
4 ( — 2 | tanh So — Stw. (10.47) 


Then the location of the crossover point on the dispersion spectrum is given 
by 
Q =y = wll — Vè, (10.48) 


where à, is the root of the previous transcendental equation. For V,/V, 
= 1.5, Фуу = 2.22 апа у = 2.97. This lowest curve is then asymptotic to 
the Rayleigh surface-wave line from above. 

Thus so far in addition to the thickness frequencies and the Lamé 
modes we also have, in the two lowest {2/y ranges, the curves shown in 
Fig. 16. In Fig. 16 the upper heavy line is the lowest longitudinal mode 


Q 





Rey 


Fig. 16. Dispersion curves for the lowest extensional and flexural 
modes in an infinite isotropic plate. 
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and the lower dotted line is the lowest flexural mode. As already mention- 
ed, the behavior of these curves as © — 0 and y — 0 coincides with that 
predicted by the classical theories of the extensional and flexural motions 
of thin plates. Note that these are the only curves in the lowest 2/y region 
shown in Fig. 14. | 

In the highest £2/» region in Fig. 14 the transcendental equation (10.27) 
for the symmetric modes degenerates at certain points, at which it has the 
special roots 


sin $704) = 0, ‘sin фло) = 0, (10.49) 


and the amplitude ratio determined from (10.7) is given by 
CPC = + 2у%оь)/(оф) — у?)оа). (10.50) 
Under these circumstances 
Qa; =n =2,4,6,..., A. =m=2,4,6,.... (10.51) 


When «у, =n and о», = m, from (10.23) and (10.24) we have 
Q? — у? = n?, (10.52) 
Q — (VPV = (Vi2/V 27). (10.53) 
Equation (10.52) represents a series of hyperbolas on the 2 vs. y diagram 
which intersect the Q axis at certain of the thickness frequencies and are 
asymptotic to the line Q = y as y — оо. Equation (10.53) also represents 
hyperbolas which intersect the 2 axis at thickness frequencies, but which 

are asymptotic to the line © = Vjy/V, as y — оо. 

The intersections of these two sets of hyperbolas determine points on 
the dispersion curves. The transcendental equation (10.27) for the symmetric 


modes degenerates at another sequence of points, at which it has the special 
roots 


cos 47a@4,=0, соѕ іла») = 0, (10.54) 
and at which the amplitude ratio determined from (10.7) is given by 
CV/C = + (у? — ay) /200). (10.55) 
Under these circumstances 


Qa =n = 1, 3, 5,..., Qo, =m —1,3, 5,..., (10.56) 
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and the two sets of hyperbolas discussed previously may be drawn for 
n-odd, m-odd as well as for n-even, m-even. Thus it is clear that the inter- 
sections of the hyperbolas for m-even, n-even and for m-odd, n-odd deter- 
mine points on the dispersion curves for the symmetric motions, whereas 
mixed intersections do not. In an entirely similar way it may be shown 
that the same set of intersection points determine points on the dispersion 
curves for the antisymmetric motions. It is also clear that the curves m-odd, 
n-odd and m-even, n-even form bounds for the dispersion curves, i.e., the 
dispersion curves can cross the m, n curves only at the aforementioned 
intersection points. 


3. IMAGINARY PROPAGATION WAVE NUMBER 
When y is pure imaginary, i.e., 
y = іў, (10.57) 
where 7 is a real number, from (10.23) and (10.24) we have 
ob, = 0° 4- ӯ, (10.58) 
o3, = (VIV DR + P. (10.59) 


Therefore a, and a.) are always real when y is pure imaginary. Con- 
sequently, the previous degenerate roots corresponding to the intersections 
of the hyperbolas for m-odd, n-odd and m-even, n-even when y is real and 
Qly > V,/V. are also roots whenever y is pure imaginary. The only dif- 
ference is that the curves are no longer hyperbolas. Now the set of curves 
from (10.58) are circles and the other set from (10.59) are ellipses. Thus 
at this stage we can exhibit the set of dispersion curves shown in Fig. 17 
for the isotropic plate. Actually, to really draw the curves in as much 
detail as shown, we would have to determine the slopes and curvatures at 
all critical points. We will not bother with these steps because we intend 
to use a calculator to determine the precise detail. Note that for real y all 
curves except the lowest two are asymptotic to the line 2 = у as y > оо. 
The lowest two are asymptotic to the Rayleigh surface-wave line R —0.8935 y. 


4. COMPLEX PROPAGATION WAVE NUMBER 


This brings us to a discussion of the complex branches (??). The first 
thing to do is to determine the points of intersection of the complex bran- 
ches with the three coordinate planes — Q = 0, Im y = 0, and Rey = 0. 


(10.60) 
of the complex 





| of intersection 
t be found simply by setti 


13 
= 


Wes aw, 


| 


а and оң», become complex. The points 
branches with the plane 2 
in the equations 


When у is complex, i.e., 


| 


ng Q = 0 


О canno 


(10.61) 


VIV?) — y*, 


2 2 — 
ay) = 
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because then «ү, = о, and the solution evaporates, and the Rayleigh 
frequency equation for the symmetric modes 


tan izo,/tan лоу = — (y? — a)? /4y Aaa » (10.62) 


degenerates to an identity which permits any value of y. In other words, 
in this isotropic case we cannot first select the plane (2 = 0 and then ask 
where the intersections of the branches with the plane 22 = 0 are. We must 
first get on a branch at some small value of 2 > 0 and then ask for the 
limiting position of the branch as £2 — 0. This complication does not exist 
in an anisotropic case, in which one may proceed in the straightforward 
manner of first selecting the plane £2 = 0 and then determining the inter- 
section with that plane. 

In proceeding with the isotropic (and anisotropic) case, it is expedient 
to note that the transcendental frequency equation (10.62) and the two 
quadratic relations (10.61) actually amount to an implicit equation of the 
form 

Е(у, 2) 20. | (10.63) 


In the isotropic case we now make a Taylor expansion of (10.63) at some 
y == уо, which is not required to be the intersection of a branch with the 
Q — 0 plane, in powers of 2, and retain only the first term in 2 to obtain 


Fly Q) = Fo, 0) + О(ЕЈӘ0) о, 0. (10.64) 


Since F(y,, 0) = 0 (as already noted, it gives no information in the iso- 
tropic case), and since from (10.61) and (10.62) 8 F/0€2 is linearly propor- 
tional to 2 and © 5 0, from (10.64) we must have 


Q-(8FJ8Q), ., = 0 (10.65) 


as the condition for the intersection of the branches with the plane 2 = 0. 
Carrying out the operations 


1 OF _ 1 OF дву) yt OF да» —0 
О О 0 Ga 02 0 ду 02 ~ 














by means of (10.61) and (10.62) and noting that a4) = о», = iy when 
Q = 0, we obtain after some manipulation 


(sinh zy) + zy = 0 (10.66) 
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for the symmetric modes. In a similar way but replacing (10.62) by (10.28), 
we obtain 
(sinh zy) — лу = 0 (10.67) 


for the antisymmetric modes. Equations (10.66) and (10.67) are complex 
equations, and equating real and imaginary parts of (10.66) we obtain for 
the symmetric modes 


(sinh zx)(cos лу) + zx = 0, 
(10.68) 
(cosh zx)(sin лу) + лу = 0, 


with similar equations for the antisymmetric modes. The two equations in 
(10.68) determine curves in the Q = 0 plane. The intersections of these 
families of curves determine the intersections of the complex branches 
with the plane 2 = 0. We can determine the character of the complex 
branches in the vicinity of the plane 2 = 0 by differentiating (10.63) totally 
with respect to 2. Thus 


OF ду OF 
ду д0 
and since, from (10.61) апа (10.62) дЕ/ду is not zero, with (10.65) we 


have 
Q- 0y[0 = 0 as 2—0. (10.69) 


We have derived (10.69) for the isotropic case only. The derivation for the 
anisotropic case would proceed by setting 2 = 0 in (10.11)-(10.13) and 
finding the у, at О = 0, and then evaluating Q-! 0y/0O at yy and 2 = 0 
from (10.11)-(10.13). 

The behavior of the complex branches in the vicinity of the plane 
Im у = 0 can be investigated by making a Taylor expansion at some real 
y = xo and О = Q,, which is not required to be a root of (10.63), in powers 
of iy and retaining only the first term in iy to obtain 


F(y, £29) = F(xo , £29) + іу(дЕ/ду),-„, = 0. 


Since for analytic functions of а complex variable the derivative is inde- 
pendent of the direction in the complex plane, we have дЕ/ду = OF /Ox 
= OF/diy. Consequently, 


F(y, £25) = F(x, £29) + iy(OF/0x),—z, =0, 


and separating real and imaginary parts, we obtain the equations 
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F(xo , Qo) = 0, у(дЕЈдх),_„, — 0 , 


governing the roots in the complex space near the plane Im y = 0. These 
equations yield the usual real roots 


F(x , Qo) = 0, y = 0 э , (10.70) 
and also the roots 
Е(хо, 29) = 0, y Æ 0, дЕ[дх|., = 0, (10.71) 


which govern the complex branches іп the vicinity of the plane Imy = 0. 
Differentiating (10.63) with y = x totally with respect to x, we obtain 


OF д0 4 OF 
29 Ox Ox 





= 0. (10.72) 


Since, as is usually the case, ӘЕ/дО 5 0, from (10.71) and (10.72) we have 
02 /dx =0, (10.73) 


thereby clearly showing that the complex branches intersect the real bran- 
ches at points of zero slope of the real branches. Exceptional cases where 
OF/02 = 0 occur, but they will not be discussed here. These cases are 
exceptional in other ways which we have also ignored here. The exceptional 
cases are discussed by Mindlin (°°). The theorem we have just proved is 
referred to by Mindlin as Onoe’s theorem, and is true for any analytic 
function of one real and one complex variable, as noted by Kaul and 
Mindlin (39). Equation (10.73) is valid in the anisotropic as well as the 
isotropic case, since the isotropic relations were in no way used in obtain- 
ing (10.73). 

A similar investigation of the behavior of the roots in the vicinity of 
the plane Re y — 0 shows again that the complex branches intersect the 
imaginary branches at points of zero slope of the imaginary branches. 

When the end points of a complex branch have been determined the 
entire branch can be calculated starting at the known points. Thus any 
desired portion of the frequency spectrum can be calculated. 


5. CALCULATION OF THE DISPERSION CURVES 


When the material is somewhat anisotropic—cubic, C,, (not quartz)— 
the same curves exist but are shifted somewhat (?!). The amount of numerical 
work does not change much, but much of the algebra that we went through 
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for the isotropic case becomes extremely cumbersome in an anisotropic 
case. Nevertheless, it should be clear that all the information we obtained 
in the isotropic case is not really necessary if a machine calculation is to 
be made. The really crucial information consists of the following: 


1. The thickness frequencies, which have already been determined in 
general. 

2. The behavior of the real branches in the vicinity of zero frequency 
and zero wave number. I will provide a simple procedure which works in 
every case. 

3. The location of the Rayleigh surface-wave line, which is located by 
solving the appropriate surface wave problem. This will be discussed later. 

4. The location of the lowest of the three wave velocity lines for the 
infinite medium. This is straightforward. In the isotropic case this was 
simply the shear velocity line. 

5. The location of the intersection of the complex branches with the 
plane Q = 0. This has already been discussed. 


After the aforementioned have been determined the order of the 
machine calculation should be: 


1. The calculation of the real branches. 
2. The calculation of the imaginary branches. 
3. The calculation of the complex branches. 


Of course, step 3 must proceed after steps 1 and 2 because the real 
and imaginary branches are needed in order to locate the intersections of 
the complex branches with the real and imaginary planes (points of zero 
slope in the respective planes). 

The exact procedure is, of course, a computational decision. At this 
point we again note that a vibration problem can be started using the 
techniques presented in this monograph only after the frequency spectrum 
has been plotted in detail in some defined region in 2 ys. y space. 


6. LOW-FREQUENCY EXTENSIONAL PLATE 
EQUATIONS 


The aforementioned procedure for determining the behavior of the 
lowest branches in the real plane (Q — 0 vs. y — 0) begins with the govern- 
ing equations (7.28) and (7.29), which with и, = 0 and no x, dependence 
yield the nontrivial equations 
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Ту, = сүйүү + Cigg, Таз = Сази ү + С©ззизз, Тз = Cas (Ha, + Изд); 


(10.74) 
Ti + Tz, + о?и = 0, (10.75) 
Tisi + T33,3 + оо?из = 0. (10.76) 
We also have the boundary conditions 
Т, = T33 = 0 at x, = +h. (10.77) 


We now look for the lowest longitudinal branch. To this end, we make the 
approximations and the expansions directly in the equations. The simplest 
way of describing the approximation consists of assuming that 


Ts = T3 = 0 for all Xı А Хз А (10.78) 


along with 
owu; == 0, (10.79) 


so that the boundary conditions (10.77) and the differential equation (10.76) 
are satisfied identically. The one remaining differential equation (10.75) 
with the aid of (10.78) and (10.74) yields 


2 
(eu — = Ui + oou, = 0, (10.80) 


from which we can see that the lowest longitudinal branch approaches 
Q = 0, y = 0 as a straight line with the slope 


2 1/2 
LAN (22 _ ze.) | (10.81) 


Саа СззСад 
For the isotropic case this becomes 
Qly = 2[A + u) + 20)? = 2[1 — (V/V), (10.82) 


as we have already shown in (10.45). 


7. LOW-FREQUENCY FLEXURAL PLATE EQUATIONS 


We now look for the lowest flexural branch by means of an essentially 
analogous procedure. To this end we assume that 


Тзз = 0, for all X1 А Хз (10.83) 
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and that 
uU, = Xsy x), (10.84) 


из = (Ху), (10.85) 
and perform the following operation оп (10.75): 


h 
|, X3(T11,1 + Тз з + о?и) dx, = 0, 


which yields 
M;,-—V-Iohy =0, (10.86) 


where 
M = | хт Фа, у= |" Ta dxs, 1 — o f x? day. (10.87) 
-h -h -h 


We now suppose that 
Iwy ~ 0, (10.88) 


which means that we are neglecting what is commonly termed rotatory 
inertia; and from (10.86) and (10.88) we have 


V = М}. (10.89) 


Substituting from (10.83), (10.85), (10.87), and (10.89) in the integrated 
form of (10.76), we obtain 


М ıı + 2how*w = 0. (10.90) 
From (10.83) and the second of (10.74) we further have 
Hs, = — (С1з/Сзз)№ 1 » (10.91) 


and substituting from (10.91) and (10.84) into the first of (10.74) and in- 
tegrating through the thickness and using (10.87), we obtain 





c? 2h? 
M = (eu — 22) — (10.92) 
33 


Finally, we assume that the shearing strain S} is negligible, and obtain 


v = т № 1- (10.93) 
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Substituting from (10.92) and (10.93) into (10.90), we find 


c2,\ А? 

— (en — 2) — Wain + go?w = 0, (10.94) 
C33] 3 ^" 

from which it is clear that the dispersion relation for the lowest antisym- 

metric (flexural) branch is a parabola as £2 — 0, y — 0, which is given by 

the equation 





2 2 1/2 
Q 2? E Ger -— | (10.95) 


2 3 C44 C33C44 


For the isotropic case Eq. (10.95) becomes 


А + u 1/2 1 y, 1/2 
луд — m2 | — 
o азау) =l Ta) 5 0099 





in accordance with (10.41), as we obtained previously. 

I have gone through these last operations in accord with the elementary 
theories of the extension and flexure of thin plates. This may be regarded 
as a preliminary introduction to the principles underlying Mindlin’s theory 
of plates (°). 


8. ELASTIC SURFACE WAVES 


We will now go through the procedure for determining the surface 
wave velocity. We begin with Eqs. (10.74)-(10.76), but we take as solutions 
of the equations the following: 


ш = A,(exp — Nx) sin £x,, 


(10.97) 
из == Аз(ехр —7 Хз) COS Ex, А 
which satisfy the equations provided 
Суу — Cak? — ov?) A, — (суз + Cyy)kAz = 0, 
(cy 44 ov*)A, — (cis 14) Kk As (10.98) 


(с\з + C44) kA, + (Саа — Cask? — ov*)As = 0, 


where v = wj and k = 7/&. This system of linear homogeneous equations, 
(10.98), in A, and A, yields nontrivial solutions when the determinant of 
the coefficients of A, and A; vanishes, i.e., when 


(cu — Cuk? — pv?) — (сіз + Саа)К 
— 0. 10.99 
(cis + c44)k (сы — Cask? — ov?) ) 


Sec. 8] Elastic Surface Waves 117 


This equation is quadratic in А? and v?. Hence for a given v there аге two 
k? (k,?, k). For a physically meaningful solution v must be real, and k? 
must be positive if it is real. However, the k? may occur in complex conjugate 
pairs and the solution is still physically meaningful. In any event, each k? 
yields two solutions, one the negative of the other, and the one correspond- 
ing to a negative real part is discarded since it cannot correspond to a 
physically meaningful solution. Each solution, of course, yields amplitude 
ratios when substituted in the linear equations (10.98) in A, and 43, 


Aq = (Cig + Cu)k » 


(10.100) 
AW = (e, — Са?) — ov?). 


The boundary conditions at the surface of the semiinfinite body are 
Ta = Т = Т —0 at х, =0, (10.101) 


and everything vanishes as x4 — оо. Since 7» = 0, one condition is satisfied 
identically, and two remain. Hence we take 


2 
иу = (sin £x,) Уу CA” exp(— Nays), 
“н (10.102) 
из == (cos ёху) Уу C" A? exp(— тух), 
n=1 
as the solution of the problem. Substituting from (10.74) and (10.102) 
into the nontrivial boundary conditions (10.101), we obtain 


2 
х C (A 3$" + К.А) = 0, 


n=1 


2 

X C (e (9 — eye AQ) = 0. (10.103) 

n=1 
Equations (10.103) constitute a system of linear homogeneous algebraic 
equations іп the С°). This system yields nontrivial solutions when the 
determinant of the coefficients of C® and C? vanish, i.e., when 


(43 + 6417) (43° KS) 


= 0. (10.104) 
(ci A1 — Cask А5) (cis A7 — Съз АФ) 


This equation may be regarded as an algebraic equation in k,, k,, and v, 
or as a higher-order algebraic equation in v alone. A number of values of 
v satisfy the system. However, only one value of v turns out to yield a 
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physically permissible solution, i.e., a solution with real v and such that 
all variables vanish at infinity. To my knowledge, this has not been proven 
in general, but it usually works out this way. It has been proven for the 
isotropic case, and Synge has shown that at times there may be no physically 
meaningful solution. The v that yields the physically meaningful solution is 
called the Rayleigh surface wave velocity. 

The surface wave velocity v may now be calculated by selecting a 
value of v and calculating the corresponding k, and k, from (10.99). After 
this the 4% and A” may be calculated from (10.100). All quantities 
appearing in the determinant (10.104) are now known, and it either does 
or does not vanish. If it vanishes, the v which has been selected is a root, 
and if it does not vanish, change v and repeat the calculation until the 
determinant does vanish. When you have a root such that v is real, then 
kı and k, must be checked to assure that the solution vanishes as x4 — oo. 
The one physically acceptable solution, when it exists, corresponds to a 
Vp Which is almost always less than the lowest plane wave velocity in the 
infinite medium in the propagation (here x,) direction. The surface wave 
velocity Ир will usually be in the vicinity of 0.9 of the lowest plane wave 
velocity in that direction. At any rate, that value provides a good starting 
point for the calculation. 


Chapter 11 


TWO-DIMENSIONAL STANDING WAVES 
IN PIEZOELECTRIC PLATES 


1. SOLUTION FOR POLARIZED CERAMIC MATERIAL 


We now consider the solution for two-dimensional standing waves in 
a piezoelectric plate (??) of the same material considered in Chapter 10. 
The surfaces of the plate are coated with infinitesimally thin electrodes 
which are shorted. Consider the following as a solution of the differential 
equations: 
WU, = A, COS nx; Sin £x, cos wt, 
u = 0, (11.1) 
Из = Аз Sin nx, cos £x, cos at, 
ф = В sin nx, cos £x, cos wt, 


which satisfies the differential equations (7.29) provided 

(c£? + cun? — o0?)A, + (Cig + 04)8745 + (ез + е5) 1]В = 0, 

(сы + С1з)&74, + (Cask? + Caan? — оо?)Аз + (ел5? + езз1]?)В = 0, (11.2) 
(eis + ез1) 74, + (ел5 + евз?) As — (E167 + &597)B = 0. 

This system of linear homogeneous equations, in A,, Аз, and В yields 


nontrivial solutions when the determinant of the coefficients vanishes, 1.е., 
when 


(c8 + саа? — оо?) (с\з + Саа) (ез + €15)& 
(саа + Сз) (Ca? + cag? — оо?) (е152° + egg?) | = 0. 
(eis + езу)Ё?] (eis? + 337”) — (€,€ + ea?) 


(11.3) 


Equation (11.3) is quadratic in w*, but cubic in #? and 7?. Hence for а 
given о and é there are three 7 (7, , 7, 43), each of which yields amplitude 
ratios when substituted in any two of the three linear algebraic equations 
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(11.2) in A,, A3, and B. The amplitude ratios will be designated by 
(Af? 4g? B) = (Bt pg pe, (11.4) 


and are readily determined so that there are no denominators in the expres- 
sions. The above determinantal equation (11.3) clearly shows that the 
piezoelectric constants couple the quasistatic electric solution to the dyn- 
amic mechanical solution. These two solutions uncouple only if all the e;, 
vanish. It is precisely the coupling of these two solutions that is ignored 
in purely mechanical treatments of this problem. This coupling of a quasi- 
static phenomenon to a dynamic phenomenon is the underlying reason that 
although in this instance a given wave normal in the x,—x, plane results in 
only two phase velocities, a given frequency and propagation wave number 
results in three thickness wave numbers. The existence of these three thick- 
ness wave numbers is what enables the solution of the problem. The bound- 
ary conditions at each surface of the plate are 


Ту = Т = T}, = 9 = 0 at Хз = th. (11.5) 


Since according to (7.28) and (11.1) T4, = 0, we have three boundary 
conditions to satisfy at each surface of the plate. Clearly, all three solutions 
of the differential equations are required in order to satisfy the remaining 
conditions. Hence we take 


3 
u, = cos ot sin ёх, У C D(" cos m,x; , 
n=1 


3 
из = cos wt cos Ex, У C BÍ" sin 7X3 , (11.6) 
n=1 


3 
ф = cos wt cos ёх, У СВ! sin q,xs , 
n=1 
as the solution of the problem. Substituting from (11.6) into (7.28) and 
from (7.28) into the boundary conditions (11.5), we obtain 


3 

Y CML™ sin nh = 0, 
n=1 

3 


E CL cos n,h = 0, (11.7) 


n=1 


3 
У CBS sin nh =0, 


n=1 
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where 
Lj? = с (Ву + BY Nn) + espe, 


(11.8) 
Ly = Cib ME + Caah Nn + еззВ 9%. 


The above system of homogeneous linear algebraic equations, (11.7), in 
C, C? and C® yields nontrivial solutions when the determinant of the 
coefficients of the C™ vanishes, i.e., when 


ГА sin nh Lt? sin nh ГАЗ) sin nh 
ГА) cos n,h L cos nah ГА) cos nah | = 0. (11.9) 
В) sin nh BY sin neh p? sin nsh 


Equation (11.9) is a transcendental equation, the roots of which enable 
the determination of the о vs. & relation for this piezoelectric plate. The 
procedure for making a calculation is similar to, but more complicated 
than, that in the purely mechanical case, and should be obvious. However, 
it should be noted that in putting the equations in dimensionless form for 
a calculation, the dimensionless constants are most conveniently defined by 


Eng = СрдЇ Саз ёр = Cipl(Caatas) ?, ё = &jg/egs. (11.10) 


In addition, note that the transcendental determinant (11.9) can be written 
in the more familiar form 


8 
Y M, cot nh = 0, (11.11) 
п=1 


where the M, are composed of combinations of Li”, 1, and ff". 
The determinantal form (11.9) is better suited to a calculation, however, 
since it does not contain terms which sometimes diverge. 


2. LIMITING ROOTS 


No complete calculation for the determination of the roots of (11.9) 
has been performed to date. However, we shall determine the important 
critical information for starting a calculation and note some of the similar- 
ities and differences between this and the purely elastic case. First we de- 
termine the thickness frequencies. This solution at infinite wavelength can 
be obtained directly from the previous solution simply by setting ё = 0. 
However, the procedure is not quite as straightforward as in the purely 
elastic case. Consequently, we will present the details. When £ is set equal 
to zero the set of algebraic equations, (11.2), in A,, A,, and B and the 
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corresponding determinant (11.3) become, respectively, 


(Cyan? — oo?)A, = 0, 


(зз? — оо?)Аз + ез B = 0, (11.12) 
sgn" Ag — egg? B = 0, 

(Саа? — oo?) 0 0 
0 (зз? — оо?) ezn? | = 0. (11.13) 
0 e33? — Esa] 


The determinant (11.13) readily yields the three у,, which are given by 


74 = w/(Cy/0)*”, Na = 0, з = 0 (Cas o) *, (11.14) 
where | 
Сзз = C33 + (633/633). (11.15) 


The substitution of the three 7, in (11.14) successively into the algebraic © 
equations (11.12) yields 
0 


1 0 
$n) = 0 1 £35] £33 А (11.16) 
0 0 1 


where the column refers to the 7, and the row to the u; or ф. The linear 
equations (11.7) in the C™ now become 


CMe, sin nh = 0, 
СФ ess11 COS Nah + C? [сз + (€33/€33)]n3 cos nsh == 0, (11.17) 
C? sin nah + C9)(es4/654) sin ngh = 0. 


The last two equations in (11.17) show that as у, — 0, C? — co, since 
sin 73h and cos ngh cannot be equal to zero simultaneously. However, in 
(11.17) С® and n, always occur as an indeterminate product. Hence Eqs. 
(11.17) may be written 


CP? c ut) sin nh — 0 9 
Kes, + C€s3n, cos yh =0, (11.18) 
Kh + С“ (ез3 єзз) sin Nh = 0 9 


where 
К = Cg. (11.19) 
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Equations (11.18) yield a nontrivial solution when 


C47], Sin Nh 0 0 
0 C33 C333 COS Nh = 0. (1 1.20) 
0 h (€33/€33) Sin Ngh 


This transcendental determinant (11.20) yields the two transcendental 
equations 


sin yh —0, бап й = йез [е = тн. (11.21) 


Thus we see that the first transcendental equation yields thickness frequencies 
and modes which are identical with the purely elastic, symmetric, thickness- 
shear frequencies and modes. We also see that the second transcendental 
equation yields thickness frequencies and modes which are identical with 
those of the piezoelectric, antisymmetric, thickness-stretch solution which 
we have obtained previously. These two sets of roots determine the starting 
points of the dispersion curves on the axis (y = 0 line). 

The three wave velocities for propagation in any direction in an ar- 
bitrarily anisotropic crystal have been obtained previously. Hence the lowest 
velocity for our direction may be obtained easily. The determination of the 
surface wave velocity is straightforward and, by virtue of Chapter 10, Sec- 
tion 8, the procedure should be obvious. The procedure for determining 
the intersections of the complex branches with the plane 22 = 0 is the same 
as in the anisotropic, purely elastic case and is straightforward. Onoe's 
theorem concerning the intersection of the complex branches with the real 
(Im у = 0) and the imaginary (Re y = 0) planes remains valid, since the 
proof covers this case also. We have still to determine the behavior of the 
lowest branches in the real plane as y — 0 (Q — 0 as у — 0). Although 
we can proceed with the approximation in an essentially similar (but some- 
what different) manner in this piezoelectric case as in the elastic case, we 
will not do so now because the analysis is a little complicated, and, more 
importantly, we will obtain the approximate equations automatically a 
little later on and to obtain them now also seems a waste of time. 


3. PLATE OF INFINITESIMAL WIDTH 


In the foregoing we have considered two-dimensional standing waves 
in infinitely wide as well as infinitely long plates. We will now show that 
the solution we have presented is also applicable in the case of standing 
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waves in an infinitesimally wide (1.е., very narrow) and infinitely long plate, 
provided some changes are made in the elastic, piezoelectric, and dielectric 
constants. 

We now take the coordinate system in the same way as before, as 
shown in Fig. 18, so that the additional faces of the plate are at x, = + w. 
The boundary conditions on the additional faces of the plate are, assuming 
a high enough dielectric constant, 


T; = Т, = Т, = р, = 0 аї хә = + W. (11.22) 


The proper assumptions for such a plate in which w/h < 1 are 
Т = Т, = Т = р, = 0, (11.23) 


for all х;, along with 
owu == 0. (11.24) 


Introducing the assumptions (11.23) into the constitutive equations (7.28), 
we obtain after elimination of certain terms 


— P P 
Ti = cu, + СізИз з + €319,5 ; 
— AP P 
T; = С1зщ у + С5зиз 3 + €33 3 ; 
T; = Сализ, 1 + Сал з + ©1501 › 


(11.25) 


р, = €15H3,1 + €15,53 — ёф › 


— P P — oP 
D, = ез1и11 + €33Ulg з €339,3 › 


Т» = Т, = Т = D —0, 





Fig. 18. Plate of infinitesimal width and infinite length between 
shorted electrodes. 
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where 
ch = [en — (съ/с)], Cis = [eis — (616:3/0)] 
ей = [6з, — (C12€31/611)], з = [©з — (съ/с)], (011.26) 
e33 = [ess — (С1зез1/С11)]. €33 = [езз + (€31/¢1)], 


and the constants without the superscript remain unchanged. The substi- 
tution of the constitutive equations (11.25) along with the unused assumption 
(11.24) into the equations 


Т, у + Te + Ts, + owu = 0, 
Тез + To. + Туз + о?и = 0, 
Т: + Tao + Tas + оо?из = 0, 
р, + Р,» + Рз з — 0, 


(11.27) 


yields a system of equations which are identical, except for the modification 
of the constants, with the equations we used before in the case of the in- 
finitely wide (2w = оо) plate, i.e., Eqs. (7.28) and (7.29) with и, = 0 and 
no x, dependence. The nontrivial boundary conditions on the electroded 
surfaces x, = + h remain the same, and are given in (11.5). The boundary 
conditions (11.22) on the additional surfaces are, of course, satisfied iden- 
tically by virtue of the assumptions. Thus, since the nontrivial equations 
and boundary conditions are identical with those used in the case of the 
infinitely wide plate, that analysis applies without change to the thin (nar- 
row) plate provided the c,,, ез, and ej; are replaced, respectively, by the 
ch, ef, and ef; which we have defined. It should be noted that for the 
analysis of the thin plate which we have presented to be applicable the 
frequency must be well below the lowest width frequency because of the 
assumptions we have made. It should be noted further that these plate 
equations which we have presented are the piezoelectric counterparts of the 
(so-called) plane-stress equations of the theory of elasticity. 

Since the entire solution for the infinitely wide plate is valid in the case 
of the infinitesimally wide plate if the constants are changed, the thickness 
solution must, of course, also be valid. Thus we obtain the transcendental 
equation 

nghessC3s Nh 


tan Nh = (ey = (КР? ; (11.28) 





where 
7; = o/(E43/0)? (11.29) 
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and 
ёз = ch, + [(e55)?/ 655]. (11.30) 


The transcendental equation (11.28) governs the piezoelectric thickness- 
stretch modes for a plate which is narrow in one direction and very long 
in another. These modes can, of course, be driven by the application of an 
alternating voltage to the surface electrodes. It is evident that we have 
obtained a piezoelectric coupling factor К which is neither the one for 
the infinite medium nor the one for the thin rod. 

If we were to go further and introduce additional boundaries at x, = +/ 
and make the assumption that l/h < 1 as well as w/h < 1, we would in- 
troduce the conditions 


and obtain the equations, resonant frequencies, and coupling factor for the 
thin rod with a high dielectric constant. The procedure is obvious. 


PART Ill 


APPROXIMATION TECHNIOUES 
AND APPLICATIONS 


Chapter 12 
EXPANSION IN PLATE EIGENSOLUTIONS 


1. METHOD OF LEAST SQUARES 


The method of least squares [(!), Section 6.C] is a very powerful 
technique for obtaining approximate solutions to boundary value problems 
with a high degree of accuracy. Before proceeding with a problem of in- 
terest we will introduce the general idea by applying the procedure to 
Fourier series. 

Supposing we wish to approximate f(x) in the range —/ «x «1I 
by a trigonometric series in the form 


Sy(x) = $A, + y А, cos(nzx][l) + y B, sin(nzx][l). (12.1) 


n=1 


To proceed with the method of least squares, we form the error ey, 
Ey = f(x) — Sy(x), (12.2) 
and following Gauss we calculate the mean-square error 


M = (1/2) | f ex? dx, (12.3) 


and reduce M to a minimum through the choice of the only quantities 
left to us, i.e., the A, and B,. Note that although ey can be either positive 
or negative, ey? must always be positive so that there can be no cancella- 
tions from different 4x regions. That is why the minimization of M yields 
an excellent approximation. The mean-square error M will be a minimum if 


ём = (1/1) | f ey деу dx = 0, (12.4) 
where 
д5 N 95 N Qs 
dey = — 85у = — № 64, — У ~—* 0A4,— У =~ OBn, (12.5 
y N дА, " 2 OA, 2 Bn ( 
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053/04, = +, OSy/0A,, = cos(max/l), OSy/OB, = sin(max/l). (12.6) 


Substituting from (12.5) and (12.6) into (12.4), we obtain 
| l N N 
- | | iex do + ey X cos 772 дд, + ey X sin 77. дв, | dx = 0, 
-l m=1 l m=1 l (12.7) 


from which, since all the 4, and B, are independent, we obtain the equations 


(1/0) f., Sw — 7) соз(тлх/) dx = 0, m = 0,1, 2,...№, 
- (12.8) 
(1/0) f. (Sy —f)sinmzxl)dx —0, — m—1,2,...N. 


Equations (12.8) constitute 2N + 1 linear algebraic equations for the de- 
termination of the 2N + 1 unknowns A, , B,. In this particular application 
of the method of least squares a tremendous simplification of the algebra 
occurs because of the orthogonality of the trigonometric functions, which 
enables each 4, and B, to be determined separately by an independent 
equation. In many situations—as in the ones we will be concerned with— 
this simplification does not occur, but the procedure is still applicable and 
the algebra simply becomes more cumbersome. 
For the trigonometric functions the orthogonality relations are 


f. cos(mzx/[l) sin(nax/l) dx = 0, 
f. соѕ(тлх |1) со5(плх[Г) dx = l mn, (12.9) 


| _ sin(mmx/l) вїп(плх{Г) dx = 1 б. 


Hence from (12.8) and (12.9) for the coefficients of the trigonometric series 
in (12.1) we obtain 


An = 7 f. f(x) cos(mnx[l) dx, By = E f. f(x) sin(mzx/[l) dx. (12.10) 


We could go on and show that the series is complete [(**), Chapter П, 
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Section 1.3] since M — 0 as N — co, but mathematical considerations of 
this nature are not of interest to us here. 

Now suppose we wish to approximate a function in the range —/«x «1 
by a trigonometric series when we are given the function f(x) for —/<x<a 
and the slope f'(x) = g(x) for a < x < l. The series is the same as before, 
but the error term changes. We now must define two error functions el, 
and el! such that 


I 

= — — [ 
ex f(x) — Sy(x) <x<a, (12.11) 
£y = [g(x) — Sy'(x)]a а<х<1, | 


where we have introduced the a for dimensional purposes, and 





N N 
5 = – У T A, sin =~ +5 T B, cos M (12.12) 
=] n=1 


We now form the mean-square error 
M Vl [ (е1) dx + -l Г (el)? dx (12.13) 
[ta J N l—a Ja ' 


proceed as before, and obtain 























тлх 
=, (Sy — f) cos dx — n 
(12.14) 
l a . тл тлх u 
Fa J (Sx =f) sin = 7 а + вус 8) ——— 98 —7 (1245) 


m M 1, 2,...,N. 


Equations (12.14)-(12.15) constitute a system of 2N + 1 linear algebraic 
equations for the 2N + 1 unknowns A,, В. However, in this case the 
orthogonality relations are of no use to us because of the limits on the 
integrals, and the algebraic equations have to be inverted in the usual 
manner to find the 4, and B,. Note that each time the number N is changed 
all the 4, and B, change. However, the solution (Sy) will usually converge, 
and the solution will not change much after a certain N = Nọ. We are 
here bordering on some complicated questions relating to the convergence 
of series, which questions are answered by concepts from modern functional 
analysis relating to the theory of the Lebesgue integral (33). We shall not 
concern ourselves with questions of this nature. 
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2. FORCED VIBRATIONS OF A BOUNDED 
PIEZOELECTRIC PLATE BY THE METHOD 
OF LEAST SQUARES | 


Consider the plate shown in Fig. 19, and let the top and bottom sur- 
faces be completely coated with infinitesimally thin electrodes, while the 
right and left surfaces are exposed. The plate may be either infinitely wide 
in the direction out of the paper or infinitesimally narrow with the additional 
faces free and without electrodes. As we have already shown, the only 
difference between the two cases is in the specific values of the constants 
in the equations. The plate is driven into vibration by the application of an 
alternating potential difference to the surface electrodes. For definiteness 
we will be considering the plate which is infinite in the direction out of the 
paper. 

From Eqs. (7.28) and (7.29) the pertinent nontrivial equations are 


Т, у + Туз = où, Тг + 73,3 = 0403, Dia + Рз з = 0, (12.16) 


and the constitutive equations are 


T, = С1101 1 + C13435,3 + C317 з ; T; = C1344,1 + C33U3,3 + еззф з › 
T; = Cas (14,5 + Ws 1) + е15ф 1 > (12.17) 
р, = €15 (04,5 + Us 1) — 110,1, Ds = езүй\ ү + еззиз з — зз, з > 


and simple substitution of (12.17) in (12.16) yields three differential equa- 
tions in the three variables u , из, and y. The boundary conditions are 


T, = T, = 0, = + p, cos wt at x, = +h, 
1 5 9 Фо 1 (12.18) 
Т» = Т; = D, = 0 at х = +1. 


X, 


| y 


Fig. 19. A bounded plate of length 2/ and thickness 2h. 
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Our previous work has shown that the thickness solution satisfies the 
conditions 


T, = T, = 0, ф = + po cos ot at x, = + Р, (12.19) 
and the two-dimensional standing waves satisfy the conditions 
Т, = Т = ф = 0 at х = + А. (12.20) 


Hence the thickness solution plus any number of the two-dimensional 
solutions satisfy, at the driving frequency œw, the prescribed conditions on 
x, = +A. Our procedure then consists of taking a sum of the aforemention- 
ed solutions with undetermined coefficients and satisfying the boundary 
conditions on x, = + l approximately by the method of least squares. 

. The thickness solution is given by 


и, — u, — 0, из = A sin qox, , | 
| (12.21) 
ф = B (sin ху) + Cx, 


where we have ignored the time factor cos wt, апа 


Ny = w/(Ey/0)*”, Cay = Саа + [(е15)2/е11], 
B = eyA[6,, C = (фо/ћ) — (е154/11й) sin Noh, (12.22) 
| A [Ego cos Hoh — (ei5/e4,) sin noA] = — ео. 


Thus, given an о and a pọ, the no, A, B, and C are known in terms of œ 
and фо unless œ is a thickness frequency. | 

We are interested in the two-dimensional solutions in which Фф 15 
symmetric in хз, since the driving field, and hence the thickness solution, 
are symmetric in x4. These two-dimensional solutions take the form 


3 
u, = sin £x, У H'?f1? cos qox, 
п=1 


и = 0, 


3 12.23 
Из == COS ёх, У НВ sin Nin) Xi» ( 
п=1 | 


3 
ф = coséx, 3j HB? sin qx, 
n=1 
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where for a given € and o the 7,, are the three roots of 


(cum? + Cyd? — оо?) (с\з + Саа) (ез + €15)& 

(Саа + С1з))& (Саа? + Сззё? — оо?) (15? + 36) | = 0. 

(eis + ез1) (e15)? + еззё?) — (eun? + &3367) 
(12.24) 


The amplitude ratios B, 51, апа В are determined іп the usual way such 
that there are no denominators. For a given о the correct & must satisfy 


LP sin noh LP sin Noh LP sin Noh 
L9 cos Nah LY cos Noh L8 cos (зуй | = 0, (12.25) 
By? sin Nah BY sin Nh BY? sin Noh 


where 
Ly” = CP Nn) + Cia fp PE + ezip PE , 


(12.26) 
LP = CaaP N + capi E + es pom m. 


The amplitude ratios H®, Н), and Н) are determined in the usual way 
such that there are no denominators. 

After the dispersion curves have been determined we must decide in 
how many two-dimensional eigensolutions we will expand in order to obtain 
an accurate solution. This approximation is crucial and cannot be made 
until after ай the dispersion curves have been determined in a given @—Ё 
region. Let us suppose that in the w—é region of interest to us the dispersion 
curves look as shown in Fig. 20. We are interested in о < A. Other bran- 
ches in the region о < A — and there are an infinite number of such 
branches — have a very large Im £, so large that their influence on the 
frequency spectrum is negligible and they may be ignored. In particular, 
the complex branch emanating from B is assumed to have an Im £ value 
well in excess of that of the essentially vertical branch, shown in the Im £ 
plane, for all w < A. If this were not so, it would be ridiculous to include the 
vertical branch without also including the two complex-conjugate branches 
emanating from B. The essentially vertical branch is a consequence of 
the piezoelectric coupling and will be included in the analysis. It can sub- 
sequently be ignored simply by setting its amplitude equal to zero through- 
out. Obviously this could be done with the complex-conjugate branches 
emanating from B also, or any other branches for that matter. A branch 
shown in the position of the essentially vertical branch will probably be 
negligible, but we will include it at this point anyway. 
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Imé Re€ 
3 2 1 о 1 2 3 


Fig. 20. Dispersion curves for the low antisymmetric modes of ап infinite, 
polarized ceramic plate for real and imaginary wave numbers including the 
influence of piezoelectricity. 


Thus, as far as we are concerned, there are three branches (or solutions) 
which we have to consider for any о < А in order to obtain an accurate 
solution. The three branches are labeled 1, 2, 3 in the diagram. We now 
take the approximate solution in the form 


3 3 
и, = Y K™y™, из = У) K™u™ + A sin Nox, 
nm "= (12.27) 
p = У Keg" + (еү„/вуу) A(sin Nox) + Cx, 
m-—1 
where 
3 
шү") = sin È кт) Хз х Hom) Вт COS T) nmYX1 , 
n=1 
3 
и" — COs S (m)Xs х Hom inm? sin ?] (nm » (12.28) 


n=1 


3 
Ф = cos Èm) X3 X Him sin NnmXı, 
n=1 


and o, A, and С are known in terms of w and фе from the thickness solu- 
tion. We now express the quantities appearing in the remaining boundary 
conditions on хз = +/ in terms of the u,, из, and ф shown above, form 
the mean-square error M, and minimize M by the appropriate selection of 
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the К, To this end, we write the expressions 


3 3 3 
— (m), (m) (m), (m) (m) 
T, = cg Уу K'™ uy + C33 У К изз F ess у> Kg , 
m=1 m=1 


m=1 


3 3 
Ts = са Ў Кит + cul У Кит) + A", cos nox) 
in mA (12.29) 
+ е | х Кіт) + (€15/€11) ANo(COS 9x1) + c| , 
m=1 


3 3 3 
— (m), (m) (m), (m) — (m), Gn) 
D, = ез Х К uii + ess х К Из з £9 2, К" Фф з >» 
=1 


m=i . m=1 m 


and after the differentiations are performed we set x4 = / in the above and 
form 


М = 5; [ И [T + (т) + (m D) | dx, , (12.30) 


where the factor c,,/e,; has been introduced for dimensional reasons. This 
factor is not unique; other factors with the same dimensionality could have 
been chosen. This is an undesirable feature of this procedure. The mean- 
square error M in (12.30) will be a minimum if 


] p 3 OT, ӘТ, | cy др 
м =F |, [Tego + Team се, Dragon [OR йо = 


Since all the KP’ are independent, we obtain 


a ӘТ, 


h T. c? др 
fn фу + Ts + = ; 


23 p,——3 
ei; OK? 


AK 3km | ах =0, р = 1,2, 3, 


(12.32) 


which yields three linear inhomogeneous algebraic equations in the three 
К). This system can be solved for the К?) unless we have resonance, in 
which case the К) diverge. The resonance condition occurs when the 
determinant of the coefficients of the К) vanishes. The vanishing of said 
determinant yields a transcendental frequency equation, the roots of which 
determine о vs. l/h. The procedure for making a calculation should be 
obvious. The determination of the algebraic equations in the К?) requires 
some straightforward if tedious effort. There is no point in presenting the 
final algebraic equations here, since they are quite lengthy, and by them- 
selves provide no additional insight. 
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3. SMALL PIEZOELECTRIC COUPLING 


If we had assumed small coupling, the problem considered in Section 2 
of this chapter would simplify somewhat, in that we would have had 


E, = — (M/A) COS wt, E, = 0 5 (12.33) 


so that a pure elasticity problem would remain with Е; as the driving term. 
The solution would proceed in exactly the same way except that the electric 
differential equations and boundary conditions would be ignored, so that 
the thickness vibration and two-dimensional standing wave solutions would 
be purely elastic. Under these circumstances the purely imaginary vertical 
branch on the dispersion curves would not exist. The sums in the two- 
dimensional mode equations would be over 1 and 2, and both determinants 
would have the third row and column eliminated, and all piezoelectric con- 
stants would be eliminated from any equation pertaining to the two-dimen- 
sional standing waves. In the final solution equations the sum on m would 
be over 1 and 2, and 9 would not appear. The expression for M would not 
contain D,, and we would obtain two linear inhomogeneous algebraic 
equations іп КЧ and K? in place of the three in the piezoelectric case. 

It should be noted that in either case if an off-resonant steady-state 
solution is obtained, the charge on (and of course, the current through) 
the crystal may be obtained from the relation 


Q——b[ D| а, (12.34) 


zy-h 


where b is the length into the paper, and the resonances do not depend on b. 
The time derivative of the above equation gives the relation between the 
voltage across and the current through the crystal. This is the relation 
needed to put the crystal in a circuit. 


4. USE OF VARIATIONAL TECHNIQUES 
In Chapter 6 [Eq. (6.20)] we derived the variational equation 
t oe 
[а | [бых — ой) buy dV + | Di dp dV 
+ | , Gi — ты) дш dS — | , @ + Dj) др aS} =0. (12.35) 


We may employ this principle instead of the method of least squares to 
obtain an approximate solution to the problem treated in Section 2 of this 
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chapter. The variational procedure is very similar to the previous one except 
for the last step. 

Exactly as in Section 2 we expand the solution in a sum of the thickness 
solution and the two-dimensional standing waves. Then all that remains 
in (12.35) is 


-o | (T4, ôu, + Т 00) dx, — b f D, ôp da =0 at x= +1, 
^ ^ (12.36) 


since the plate eigenmodes, which satisfy the differential equations and 
boundary conditions at x, = + А, are such that all the other terms vanish. 
We then substitute in the above equation instead of (12.31) and equate 
the coefficients of each дК in (12.36) to zero in order to obtain the three 
equations іп the КО”, 

Note that the technique presented in this section does not have the 
unfortunate nonuniqueness of the least-squares technique. However, if the 
boundary at, say, x, = l of the plate in Fig. 19, is held rigidly, the variational 
equation (12.35) is not applicable when the solution consists of an expansion 
in plate eigenmodes because under such circumstances the solution functions 
u, must vanish at x, = / and the plate eigensolutions cannot. On the other 
hand, the least squares technique can be used when the aforementioned 
boundary cannot move, because with the use of least squares the solution 
functions u, need not satisfy any conditions at x, = l. Nevertheless, in the 
boundary value problem we are now considering the least squares technique 
suffers from the additional dimensional difficulty that the mechanical 
displacement and stress terms appearing in the error equation are not 
naturally dimensionally compatible. These terms can be made dimensionally 
compatible by introducing a nonunique geometric factor (/ or h?) and some 
nonunique combination of elastic constants (c4, or c44?). However, the 
difficulties inherent in the variational equation (12.35) and the least squares 
technique are both eliminated if the modification of Hamilton’s principle 
presented in Section 4 of Chapter 6 is employed. In this modification the 
variational equation that replaces (12.35) is (6.44). Since there is no surface 
of discontinuity in the problem being considered here, the integral over S? 
in (6.44) does not exist and the superscript (m) and attendant summation 
sign can be eliminated. Since the plate eigenmodes satisfy the differential 
equations and boundary conditions at x, = + A, all that remains of (6.44) is 


h h 
+b Í h [T3, ди, + Tzs диз],,--1 dx, + b | h [Ds ôg lr =- dx, 
Д E (12.37) 
h h | 
+ b |, [u 075, + из OT ss lr, =1 dx, — b |, [Ds 0g lr -i dx, = 0. 
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At this point it should be noted that since the boundary conditions in the 
problem we are considering now are asymmetric with respect to x4, the 
plate eigenmodes in which ф is symmetric in x, are no longer adequate and 
the eigensolutions in which @ is antisymmetric in хз are also required. 
We may now take both the symmetric and antisymmetric (in хз) plate eigen- 
solutions with amplitude coefficients К“ and substitute in (12.37) and then 
equate the coefficients of each 6K™ in (12.37) to zero in order to obtain 
the same number of equations as of К“, 

If a surface of discontinuity were present in Fig. 19, we would expand 
the solution in two sets of plate eigensolutions, one for each region separated 
by the surface of discontinuity. The amplitude coefficients К“” for each 
term of each set would be independent, and we would employ (6.44) with 
the integral over S™ included, and, as in the immediately preceding discus- 
sion, obtain the requisite number of linear algebraic equations for the K™. 

It should be noted that variational formulations such as (6.17) or 
(6.20) and (6.43) or (6.44) can be used to obtain approximate solutions 
without expanding in plate eigenmodes. In other words, the expansion func- 
tions selected need not even satisfy the differential equations and boundary 
conditions on the major surfaces in addition to not satisfying the boundary 
conditions on the minor surfaces. Under such circumstances none of the 
integrals appearing in (6.20) and (6.44) can be eliminated. Although this 
latter approach can yield very accurate and useful information, this writer 
feels that it does not yield as much understanding and insight into the 
nature of plate vibrations as does the expansion in eigenmodes. Con- 
sequently, this latter approach will not be treated at all in this monograph. 
In recent years this approach has been fruitfully exploited by Eer Nisse 
and Holland (35)* in treating the vibrations of complicated geometric 
structures. 


* Also (181°) and a number of other publications cited in these references. 


Chapter 13 


TWO-DIMENSIONAL PIEZOELECTRIC 
PLATE EQUATIONS 


1. GENERAL PLATE EQUATIONS FROM A POWER 
SERIES EXPANSION 


Since we are interested here in obtaining plate differential equations 
only, and not in establishing three-dimensional plate boundary conditions, 
we consider the volumetric portion of the variational principle (6.20) and 
ignore the surface portion. If we were to include the surface portion, we 
would obtain no additional terms in the resulting plate equations. The 
volumetric portion of the variational principle is 


f, dt Í, [(T;;; — өй) ðu; + Di; 0p] dV = 0. (13.1) 


In addition to the variational principle we have the strain—mechanical 

displacement and electric field—electric potential relations, (5.5) and (5.4), 

$ = (ui; + uj), | (13.2) 

Е; = — фу, (13.3) 

respectively, and the linear piezoelectric constitutive relations, (5.19) and 
(5.20), 

Tij = Сары — ер » (13.4) 

Dj = egiSy + ekg. (13.5) 

The faces of the plate are at x, = + h and the remaining boundary 

is a cylindrical surface with generators perpendicular to the faces as shown 

in Fig. 21. We now expand the mechanical displacement (93939) и; and 


electric displacement (??) D; in a series of powers of the thickness coordinate 
хә. Thus 


g 
и; = У) xru” , (13.6) 
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Xe 





Fig. 21. Orientation of the coordinate system with respect to a 
bounded plate. 


D; = > x, D?? , (13.7) 
n=0 

where g is a positive integer and the variables us and De are independent 
of x, but are functions of x, and хз, and и?” and Di” vanish for n >g. 
Successively higher values of g determine successively higher-order theories. 
When the series expansions (13.6) and (13.7) are substituted in the varia- 
tional principle (13.1) and the integrations with respect to x, are performed 
we obtain 


g 
f. dt A x (TH nly + F, О у; Н mnt; ) ди; 
n=0 m=0 


+ (рео + (я + рено) бр | 4А =0, 13.8) 
where A is the area of the plate and we have introduced the definitions 
Т = =f x? Ty dxa, (13.9) 
Ff9 = [х], , (13.10) 
g" = =f хур dx, , (13.11) 


for the nth order component of stress resultant, the nth order component 
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of applied plate force per unit area, and the nth order potential resultant, 
respectively; and 


h 2рт+п+1 
H = | m n — —————— 
mn |, X” Xə” dx. minal”? m -4- n even, (13.12) 
—0, m+n odd. 


Since the variations ди?” and д4" in (13.8) are arbitrary, we obtain 
g 
T(" — ПТ) + Ff? = о У Hay", (13.13) 
m=0 


DY” + (n + 1)Dg*» = 0, (13.14) 


as the two-dimensional equations of motion and of electrostatics of order n. 
Note that the substitution of the power series expansion for the electric 
displacement D; given in (13.7) into the three-dimensional equation of 
electrostatics, D; ; — 0, yields 


g 
> x," [DE + (n + 1)Df*»] = 0), 


n=0 


which is satisfied identically by virtue of the form of the two-dimensional 
equations of electrostatics (13.14). 

Substituting the power series expansion (13.6) for u; in the three- 
dimensional expression (13.2) for the strain and rearranging terms, we 
obtain 


g 
Sy = Xx" Ss, (13.15) 
n=0 | 
where we have introduced the definition 
SP = iuf? + ш? + (n+ 1)(д; WP + bay"), (13.16) 


for the nth order component of strain. Now, we define the nth order com- 
ponent of electric field resultant by forming 


h 
Em = | UE; dis, (13.17) 


and we substitute from (13.3) into (13.17) to find 


Em == — q — bo; (go — пф!) ; (13.18) 
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where we have introduced the definition 
do = [хо], (13.19) 


for the nth order component of applied voltage. All that remains now is 
the determination of the two-dimensional constitutive equations. To this 
end, we substitute the power series expansions (13.7) and (13.15) in the 
constitutive equations (13.4) and (13.5), multiply by x” dx, , integrate over 
the thickness, and employ (13.9) and (13.17), with the result 


g 
Tí" = С > Hmn Si — epy Ep” , (13.20) 
n=0 
g 
X HOP — ещи?) = Е", (13.21) 
n=0 


which, with (13.12), shows that the mth order stress resultants and electric- 
field resultants depend on all the strains and electric displacements of even 
order if n is even and odd order if n is odd. If we define 


g 
m=0 


(13.21) may be written in the more useful form 


(n) (л) 9 4 (т) 
Di = Cx Sy + X Нм Ё - (13.24) 
m=0 


Thus we have obtained a complete system of two-dimensional equations 
from the three-dimensional equations. 

At this point it should be noted that the stress at a point cannot be 
determined from a solution of the plate equations because the equations 
are written in terms of the stress-resultants T? and not the stresses Туу. 
similarly, we cannot obtain the electric potential at a point, but only the 
electric-potential resultants рф”, In addition, the actual mode shapes cannot 
be determined from a solution because the x, dependence of u; and Dj 
has been assumed. Thus it should be clear that we have given up all hope 
of obtaining a solution of the three-dimensional equations, and have re- 
placed them by a larger system of two-dimensional equations which we can 
hope to solve in some cases. It is not surprising then that we are unable 
to obtain the aforementioned three-dimensional information from a solution 
of the two-dimensional equations. It is, of course, implicit that the infor- 
mation which we cannot obtain is not pertinent to the information we wish 


Sec. 2] Truncation of Series for a Specific Approximation 145 


to obtain. This assumption is valid in certain instances—such as the de- 
termination of frequency spectra—but not in all instances. It should be 
clear that we have replaced the philosophy of obtaining an approximate 
solution to an exact system of equations discussed in Chapter 12 by that 
of obtaining an exact solution to an approximate system of equations. 
Note that the FS are the inhomogeneous mechanical forcing terms in the 
equations and the ®™” are the inhomogeneous electrical forcing terms. 
Hence the Ø™ are important even in the small coupling case, since they 
are the electrical driving terms which force the elastic solution. Now we 
define two-dimensional kinetic energy, internal energy, and electric enthalpy 
densities by substituting the appropriate series expansions in the respective 
volumetric densities and integrating through the thickness. Thus we obtain 


h g g 

Ж= | ойӣ, dx. = 40 X У Aint йу”, (13.25) 
=h m=0 n=0 
h g 

“= » (Т5, + Е;Р;) dx = + У (T Si + EP Di), (13.26) 
E n=0 

— h 1 __ — 1 4 mon) — pln) pln) 

K = „ 2075 — E,D) dx, = > (Ту Sy — Ei Di ). (13.27) 

~ n=0 


2. TRUNCATION OF SERIES FOR A SPECIFIC 
APPROXIMATION 


The equations in Section 1 are not particularly useful unless they are 
truncated to form a finite system. Unfortunately, the truncation is not 
quite as straightforward as the expansion because it entails an approximation 
which is always a bit difficult because of its nature. In this section we will 
truncate in order to obtain a system that includes the lowest-order coupled 
extensional and flexural motion of the plate. However, before proceeding 
with the truncation it is enlightening to study the character of certain of 
the equations in Section 1 in some detail. 

An examination of Eq. (13.8) reveals that in making an approximation 
we have the choice of either taking a du“ = 0 and ignoring that nth order 
equation (13.13) or letting ди be arbitrary and satisfying the nth order 
equation (13.13). Clearly, from (13.8) a similar relationship exists between 
a particular дф and the nth order equation (13.14). The specific choice 
in a given instance depends on some knowledge of the two-dimensional 
standing wave solutions discussed in Chapter 10 in the frequency-wave 
number range of interest. It is also worth noting that the nth order equations 
in (13.13) are coupled to the (n — 1)th order equations through the 7777. 
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Moreover if n is even, the nth order equation in (13.13) is coupled to all 
the even order equations for which диў does not vanish by virtue of 
(13.12), the inertia terms on the right-hand side of Eqs. (13.13), and the 
strains of even order appearing on the right-hand side of Eqs. (13.20) for 
m even. Similar statements hold, of course, for m and n odd. In a similar 
way the nth order electrical equations are coupled together for all n’s for 
which дф) does not vanish by virtue of (13.24), (13.12), and (13.18). 
Thus it is clear that in making a truncation we will have the choice, with 
the highest order equations considered, of either including the equation 
and letting the associated du” (or дф") be arbitrary, or ignoring the 
equation and letting the associated диў” (ог дф) vanish. The choice 
will be made so as to optimize the approximation for the size of the system 
of equations obtained by an appeal to the character of the solutions discus- 
sed in Chapter 10. 

We begin the truncation in which we are interested, and which includes 
coupled extensional and flexural motions, by first setting g — 2 in the 
equations of Section 1. At this stage we have three sets of Eqs. (13.13) 
and (13.14) corresponding to и = 0, 1, 2. This seems simple enough, but 
the truncation is not yet complete because this is far from an optimum 
approximation for such a large number (twelve) of dynamic equations. 
Clearly, we have 


um = 0 for n>2, (13.28) 
D™ =0 for n>2, (13.29) 


J 


at this stage of the truncation. We now wish to eliminate the differential 
equations of order two from our approximation. For the mechanical 
equations (13.13) this can readily be accomplished by setting ди?) = 0. 
But such an approach will not yield an accurate description of the flexural 
тойоп because it prevents contraction during the extension accompanying 
flexure, which is undesirable. We would obtain a much more accurate 
description of the flexural motion by permitting the contraction during 
the extension accompanying flexure to take place freely. This can be ac- 
complished by letting ди) be arbitrary and setting 


ТФ =0, (13.30) 


and assuming ZU? to be negligible in the equations of motion (13.13). The 
other two mechanical displacement conditions 


du —0, ди? =0, (13.31) 
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are retained. Since the three-dimensional electric potential y is most likely 
essentially antisymmetric in x, because of (13.17) and (13.3), we take 


E? —0, E2=0, (13.32) 


and retain D(?, a = 1,3. This consideration will undoubtedly yield different 
conditions for the even and odd order truncations. From (13.32) and (13.18) 
it is clear that we have 


dp = 0 (13.33) 


in this approximation, and we have thus eliminated the equation (13.14) 
for n — 2. At this stage from (13.13) and (13.14) we have a total of eight 
differential equations. From (13.20), (13.21), (13.28), and (13.29) we also 
have the constitutive equations 

Т?! = 2he,,SQ — e,EQ, 


1) — 243 1) — (1) 


(13.34) 


£h3 DO? $e; Sir + сЕ , 
2h D + £43 DO? = 2he;, St + Eg Ej 5 (13.35) 
BBDO + DP = Zhe, SO + e, EQ? , 


where we have introduced the abbreviated indicial notation. The last two 
constitutive equations in (13.35) may be solved simultaneously for ро) 
апа De to give 


@ q 


D? — e. (0) + = є Et __ 
(13.36) 





This system of equations contains, among other things, the lowest thickness- 
stretch resonance, which Mindlin has shown [(86); (5), Sections 5.01, 6.02; 
(33)] can be eliminated without appreciably altering the range of validity 
of the approximation. This unnecessary thickness resonance can be elimin- 
ated by setting 


TP =0, TP =0, (13.37) 
Т =0, (13.38) 


and neglecting #0 in the equations of motion (13.13). This essentially 
completes the truncation. 
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The condition (13.38) permits the elimination of S1? from the con- 
stitutive equations (13.34) and (13.35) with the result 


Т? = 2h S — etj ED, (13.39) 
DO = & SO + (1/2h)e$E 9? — (15/89S)es ES? , (13.40) 
where 
Cpa = pq — (СС; Сз) , 
ећ, = Cin — (ei2Cp2/C22) , (13.41) 
єў = $€ij + (eis€jol C2). 
The conditions (13.30) and (13.37) permit the elimination of the Sí? 
from (13.34) and (13.35) with the result 
TP = ру, „500 — py EM, (13.42) 
DP = yu Sf? + (3/272) CEP , (13.43) 
where with i,j = 1, 2, 3; r,s = 1, 3, 5; v,w = 2, 4, 6; 


Yrs = Crs — CrCys(Cow)* » 
Pir = eir — CivCrw(Cow)* » (13.44) 
Cig = €ij + Civ jro(Cow) ! 
Thus we now have the constitutive equations for this intermediate approxi- 
mation. 


At this stage our two-dimensional electric enthalpy density takes the 
form 


(T'S + TH SQ) — Et po — E( pW __ EQ pe) 

(2hc5, SONS — 2e? poy EQ + 2 hy, SM SM 

— 24р Eqs? — (1 /2h)eK EQ? Et — (3/219) t EPEY 

+ (15/4h?)e E(? EO — (45/8h)e EP EP), (13.45) 


1 
2 
1 
2 


and an analogous expression may be written for the internal energy density. 

Even before this point we could have substituted the strain—mechanical 
displacement and electric field—electric potential relations (13.16) and (13.18) 
in the constitutive equations (13.39), (13.40), (13.42), and (13.43) and sub- 
stituted the latter in the equations of motion (13.13) and (13.14) for n = 0,1 
to obtain seven differential equations in the seven variables wu), ug’, gp, 
апа $‘. However, if we had done this and specialized the resulting equa- 
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tions to rotated Y-cut quartz (or even an isotropic material for that matter) 
and obtained the thickness solution we would have obtained a thickness- 
shear frequency that was too high. This sort of thing happens because we 
have assumed a thickness dependence of the displacement which is linear, 
whereas the actual one is trigonometric. In order to compensate for this 
(incorrect) assumption without altering the description of the fundamental 
modes at long wavelengths, we follow Mindlin (56) and introduce correction 
factors x, and x, by replacing S(9? and S? in ZZ and Z with «,S and x,S{°, 
respectively. This replacement produces important alterations in the zero- 
order constitutive equations. The values of x, and х, are to be determined 
so that the two lowest thickness-shear frequencies predicted by these ap- 
proximate equations agree with the exact values predicted by the three- 
dimensional equations in Chapters 10 and 11. The correction factors may 
conveniently be inserted in the appropriate position by replacing c5, and 
et, іп # and Z/ by 


жж __ x4, "ek жж __ ,,8,* 
Cha = MMC)» ем = жек (no sum), (13.46) 


where œ and f are the powers «© = cos?(pz/2), В = cos*(qx[2). Thus xz 
(or x$) is equal to x4, хв, or 1 depending on whether р (or q) in с} and 
et» is 4, 6, or neither, respectively. The same definitions hold for cf, 
ext , ж, and хё if p and q are replaced by ij and kl. 

At this point it should be noted that piezoelectric correction factors 
should be introduced in addition to the aforementioned elastic correction 
factors in the fully coupled piezoelectric case. Furthermore, it is believed 
that these piezoelectric correction factors should be introduced by replac- 
ing Е and EP by corrected terms in ZZ and Z/ because of the incorrect 
assumption of the thickness dependence of D, and D}. However, nothing 
has been done in connection with the determination of such piezoelectric 
correction factors, mainly because the dispersion curves in a fully coupled 
piezoelectric case have never been determined. Such correction factors are, 
of course, of no importance in a small coupling case (such as quartz). 
Consequently, they are being neglected in this development. 

To recapitulate, after the truncation and adjustments we have the 
following: 


The electric enthalpy density 2 is given by the previous expression 
with c5, and ей, replaced by cox and e$. 
The internal energy density Z/ is given by 


Y = Ж + EOD 4- EDO + ED. (13.47) 
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The kinetic energy density “7 is given by 
H = eh(wu + (h2/3)ut ut?) , (13.48) 


where here, and hereafter, indices a, b, c, d range over 1, 3. 
The constitutive relations are given by 


* Ff) ; 


T? = 0579519 = 2hck*S — ex? 1349 
T? — 022195) — $ Py, St"? m PrEP , ) 
DO = — д#дЕ® = ek*S + (12h)eSE9? — (15/8h3)e EQ? , 
DP = — IK JEP = „59 + B/W YEE, (13.50) 
D = — AH OE = (15/855) Ge, E(? — Ie, EW). 


The equations of motion take the form: 
TO, + F9? = 2ehii, TY — TH + FP = $ol?üjP. (13.51) 
The equations of electrostatics take the form 
D, + D? =0, Di», + 2D” = 0. (13.52) 
The strain-displacement relations are given by 


0) — 1(,,(0 0 1 1 
SP = (09) + ud + ôu + дщ), 


| (13.53) 
Sab = #(иш + и). 
The electric field—potential relations are given by 
Е = — pY — 3,00, 
EW = — рр + bg — d»), (13.54) 


EQ = 290 — o, 
and we note that Ø? — pov, 


The foregoing equations (13.49)-(13.54) comprise 37 equations in the 
37 dependent variables: five each of T$? and S9; three each of T®, 5%, 
D®, EW, DY, EW, and uV; two и); and DP, EP, фо), and 9. The 37 
equations may readily be reduced to seven in seven variables by first sub- 
stituting from (13.53) and (13.54) into (13.49) and (13.50) with the result 
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Т? = 2с (ир + дьш?) + espe + ez FOO, 

Т = $ PVarcealed — 1Рзаьф О + Vias + Vea D, 

D = eit (uil + 0s up) — (1/28)? — (15/4? )enp™ — (1/8һ)в„Ф®, 
Dj" = фои + 3/209) 69 — (3/289) 549 — (3/2502) Ф, (13.56) 
DP = (15/85 )(h eap Y + bezp — 2/?e,,00) , 


(13.55) 


where £; = 4e% — 15e;,; and then substituting from (13.55) and (13.56) 
into (13.51) and (13.52), respectively, to obtain 


2һс (uy) li + беки) + CED: p + Fo + exi = — 2ohii fo! 


8 Азу eau — 2hcž (uy) + ди) — CQ? (13.5 7) 
+ Pial PH, — 05,90) + Ер — ezp DO + Vea DO = = $ $ okü , 
{ рыш) + 8 еШ), + дщ) — 3 Hehe’ 


— Cos}? m 0559) — $ $ EPP — (h?/12)e PP — CoD = 0, 


$ pian ti m Sup — 62,9) + 3 £3 + (15/h? es. 
— 56,00 — Ci PP = О. 


(13.58) 


Equations (13.57) and (13.58) are seven second-order differential equations 
in the seven dependent variables u, ui, 99, and 9? with seven inhomo- 
geneous (forcing) terms; the five surface tractions F®, FẸ? and the two sur- 
face potentials ØV, ФО), Note that there are three independent variables, 
ху, хз, and f, and that the major surfaces are already included in the case 
of the infinite medium (plate). Note that the inhomogeneous potentials 
Ф), ØV are important even in the small coupling case, since they are the 
electrical terms that drive the motion. 


3. UNIQUENESS OF SOLUTION 
OF THE TRUNCATED SYSTEM 


We have still to establish edge (boundary) conditions at the bounding 
surface of a finite plate. To this end, we will establish a theorem of uni- 
queness of solution of the aforementioned 37 equations in the classical 
Neumann manner. We consider two sets of the 37 variables, each set satisfy- 
ing the system of equations, and form a system comprising the 37 differences 
between corresponding variables in the two sets. Since each set satisfies the 
equations and the equations are linear, the difference set also satisfies the 
equations. In terms of the difference quantities, we form the equation 
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( 73 5 | es « == == — 
Гоа [UE + BO ehi + (Та, — Tas? + F 
— $olPi; a) dA = 0, (13.59) 


where the bar denotes the difference. After much tedious manipulation and 
the use of all other difference equations along with many applications of 
the divergence theorem the above equation may be brought to the form 


— — t =n 01) 2 - - 
I, [Z +. y, dA — (И аі $, n, (Tu + Тай) — gp Do — go pa) ds 


4- f. dt |, [Кюдо) 4- Fogo — BO fo + p bo» — PODPI 


where Z апа. denote the internal and kinetic energy densities, respectively, 
of the difference system; C denotes the edge of the plate; and the n, are the 
components of the outward unit normal to the edge of the plate in the plane 
of the plate. From the above equation we see by the usual arguments based 
on the positive-definiteness of Z/ and. that there are seven conditions to 
be specified at each point of the interior and at each point on the edge of 
the plate in addition to the initial values of u(9, ut, 99, 00), and ui. 
Referred to orthogonal coordinates n, s, x,, the edge conditions are one 
member of each of the seven products 


0 0 D40). TOO 0 гуа 
Тр, Турш, TRUP, Tuus. Ти, ФР), фр. (13.61) 


In terms of the orthogonal coordinates, a, В, Xa, the interior conditions 
are one member of each of the seven products 


FOU, Fu, Fu, Fy, FPuP, © (D+ 42D), BY DW. (13.62) 


The terms D? + h?D? and D" in the interior conditions (13.62) can 
be interpreted by recalling that, to our approximation, 


D, = D9 + x,DV + x; D?. (13.63) 
Hence from (13.63) we have 


DP + р?) = 3[D,(h) + р, Л)], 


(13.64) 

D$? = (1/2h)[D,(h) — D,(— Л). 
The above interior conditions (13.64) and the interpretation indicates that 
these equations, which have been derived for the situation where the major 
surfaces of the plate are completely coated with electrodes, may be applied 
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even when the major surfaces are without electrodes provided the dielectric 
constant £5, of the plate is sufficiently larger than the dielectric constant of 
the surrounding region simply by setting 


рө + 2р2 =0, DY =0, (13.65) 


at all interior points. Under these circumstances ®® and ® become un- 
known variables. However, the above two conditions in (13.65) permit the 
elimination of PO and Ф from the equations (13.49)-(13.54). When a 
solution is obtained the unknown quantities ®® and Ф! can, of course, 
be obtained from the solution. 


4. ORTHOGONALITY OF SOLUTION 
OF THE TRUNCATED SYSTEM 


In solving a forced vibration problem it is sometimes useful to have 
orthogonality conditions. To this end we consider two solutions 


(0) (1) (0) (100 — (0) (1) (0) (1) фо, 
(и), uj), g 9, PP) = (ши, ири, POH, PVH )erout , (13.66) 
1 — (4K0 1 (0 1 iw yt ° 
(ио), uj А gp, Ф) — (us v uj » Фф » g* eio, ; 


of the equations of motion (with Fo = ЕЗ = 0) and electrostatics. The 
substitution of the first of (13.66) in the equations of motion (13.51) yields 
2ohw PuPe = — TP, 


2413, 24(Dg — т) (0) 
$oh?o ^uj ^ = — Тан + Top", 


(13.67) 


and the second yields 


2ohw, u0” — — TO ; 


2 — 1 0 
Soh wus)” = — ТА)» + Top”. 


(13.68) 


From (13.67) and (13.68) we now form the equation 
2he(w,? — w,”) |, (uoto? + Iun) dA 
— O)» Ou — T00)» OO — TD ey (1) » 
= Í 4 (ups Трир" t Toy ^ — Taba 


b 
4 TO» — Try Wu) dA. (13.69) 


After much tedious manipulation and the use of the constitutive equations 
(13.49) and (13.50), the equations of electrostatics (13.52), the relations 
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(13.53) and (13.54), the symmetries of the material constants, and the di- 
vergence theorem, Eq. (13.69) may be brought to the form 


2eh(w,? — о?) | , Gm + heupen) dA 
— |, [DODO 4. papa») — PODO + hD) 
+ Фери» — PVD] dA 
d n gp — Tega Tea — Tra 
+ DOG Ox — рио)» 4 рари — Dg) dg, (13.70) 


The area integral on the right-hand side of (13.70) vanishes for either zero 
electric potential or zero electric displacement on both major surfaces of 
the plate, and the edge integrals vanish for homogeneous boundary con- 
ditions on the edge. Thus for homogeneous conditions on the major surfaces 
and edge we find 


|, (uuu 4- fuu) dA = Ney Spy (13.71) 


where N,,, is a normalization factor. These аге the orthogonality conditions 
for the approximation. 


b. STEADY-STATE FORCED VIBRATIONS. I 


Let us consider the problem of steady vibrations forced by an ac voltage 
applied to electrodes on the major surfaces of a plate with its edge free. 
Under these circumstances the inhomogeneous terms F o, FO, and Ф 
vanish and only the inhomogeneous term ®© remains. The boundary 
conditions on the edge are 


ngTQ = NT = n DY =n DP =0, (13.72) 


since we have assumed the dielectric constants of the plate to be large 
compared with those of the surrounding region. Although these edge con- 
ditions appear to be homogeneous, they are actually inhomogeneous due 
to the presence of the prescribed potential '? in the constitutive equations 
(13.49) and (13.50) by virtue of (13.54). It will be convenient for our purposes 
here to transfer all inhomogeneous terms from the boundary conditions to 
the differential equations. It should be noted that at times it might be better 
to transfer the inhomogeneous terms from the differential equations to the 
boundary conditions, as would be the case in the presence of dissipation. 
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Nonetheless, we shall proceed as specified. To this end, we shall choose the 
auxiliary function so that it removes the inhomogeneity not only from the 
boundary conditions (13.72), but also from the electrostatic equations 
(13.58), thereby leaving a residual problem of inhomogeneous equations 
of motion, homogeneous electrostatic equations, and homogeneous bound- 
ary conditions. Let 
(Cu, u, p, p) = (UOA, DA, 4, 04) „ы 

+ (UR, UDR, GOR, QR) eiot (13,73) 

where the superscript A identifies the auxiliary functions and R the residual 


solution. Inserting this solution in the constitutive relations (13.49) and 
(13.50) and cancelling the factor е, we obtain expressions of the type 


T9 =TOR + TPA 4 ext | (13.74) 
where 
TQ — 2hek* (u2 + ô, UW) + ex: PPE, 


TPA = — 2hež% (ue) + д 1404) + еў; sz. 


With resolutions like (13.74) for all the constitutive equations, the dif- 
ferential equations (13.51) and (13.52) take the form 


TPE + 2oho?u(R + TWA + 2ohw uA + e$t — 0, (13.75) 
TPR — TOR + 8oh*o?u(P8 + TPA — TPA + BohFwru4 — exito — 0, 


DYE + DPR + DYA + DPA — (1/8h)eigDY = 0, 


DEVE + 2DPR + DYA + 2р4 — (15/2h eg — 0, (279) 
and the boundary conditions (13.72) take the form 

„Т + „ТА + nett — 0, 

n, TU? + пата = 0, 377) 


n, DO + 5, D(04 — (1/8л)п, a PV = 0, 
n, DQR + n, DQ)4 — 0. 
We now choose the auxiliary functions u04, u(P4, 994, and 4 to be 
particular solutions of the differential equations 
DPA + DPA = (et/8h)O9 , 


(13.78) 
DYA + 2р4 = (15/2) , 
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and to satisfy the boundary conditions 
NT 4 + neis = 0, 
паТо = 0, (13.79) 
n,DQ94 — n,(e,,/8h) = 0, n,D(4 ~ 0. 

Then, inserting (13.78) and (13.79) in (13.75), (13.76), апа (13.77), re- 


spectively, we find the residual problem governed by the differential equa- 
tions 


TPE + 2oho?u?R + 2ohw*'u4 + GO =0, (13.80) 

TPE — THR + FohFw*uMF + $oh?o?*wj?4 + 4GP = 0, (13.81) 
DOR + DPR = 0, (13.82) 

DHE + 2р2Е = 0, (13.83) 


and the boundary conditions 
Ng = п„Т{р# = n, DWE =n DR = 0, (13.84) 
where the inhomogeneous forcing terms are given by 
GP = TOM + FO), Gy = B/W) Tava — Т»4 — exi). 
The solution of the residual problem may be expressed as an infinite series 
(UVE UPR GOR GR) —y A, (U4 yVu ри gj (A) (13.85) 
д 
where ии, uj». m+, and 9?» are the orthogonal solutions of the associated 
homogeneous (Ф) = 0) eigensystem, 


TQ + 2oho,?ut» = 0, (13.86) 
Tipp — TH" + Fok tw hu?» = 0, | 


ри + D» — 0 ; 
(13.87) 
D^ + 2D?» = 0, 
n Q^ = п„Т{р” = nDO" = n,DQ» = 0 on C. (13.88) 


Noting, from (13.85), (13.55), and (13.56) (with B® = 0), that 


(0) 1) (0) (1) (QR) — (0) (1) (0) (1) (2) 
(T; R TOR р; R Dt RED. ) — 2, A (T5 “Tip “D; “D; “D, H) , (13.89) 
A 
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we see from (13.87) that the residual electrostatic equations (13.82) and 
(13.83) are satisfied identically, since they are satisfied by each term of the 
sum in (13.85) separately. In order to find the A, which will make the series 
solution (13.85) satisfy the residual equations of motion (13.80) and (13.81), 
we must first express the known inhomogeneous terms, in (13.80) and 
(13.81) in series form: 


Go = Y Bu, UMA = » Cu, (13.90) 
GW = У Вий, ura = у Cu. (13.91) 
7 u 


Multiplying (13.90) by ui”, (13.91) by 5/2401”, adding, integrating over the 
area of the plate, and using the orthogonality relations (13.71), we find 


B, = Na | , (GPU + MPG Puy) dA, 


(13.92) 
c,-Nal , (uma шлш) dA. 


A 


Now substituting (13.85) and (13.89)-(13.91) in (13.80) and (13.81), using 
(13.86), multiplying (13.80) by uf?" and (13.81) by uj", adding, integrating 
over the area, and then using (13.71), we find 


A, = (B, + 2oho*C,)/2oh(o,? — w?), (13.93) 
thereby showing that each A, has a resonance denominator. Thus we have 
(uO, uP pO p) — (UMA, uPA GOA pDA giat 
+ У) А (uo uaa gu (DH ptt , (13.94) 
и 
as the complete steady-state solution of (13.57) апа (13.58) with boundary 
conditions (13.72). Obviously, very near a resonance—say w,—one term 


of the series expansion in (13.94) dominates all others and the quasistatic 
auxiliary solution as well, so that our solution (13.94) becomes 


0) 1 1 — 1 1 } 
(u; , и д gp, ф\ ›) — A,(u”, и » gp, g' »)е?оі (13.95) 


The solution, of course, blows up at о = о, because A, diverges. 


6. DETERMINATION OF SURFACE CHARGE 


Since the ac voltage is applied uniformly over traction-free faces by 
means of a thin perfectly conducting film, we have 


PO = рем, (13.96) 
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where V is the constant voltage drop across the thickness. The current 
through the plate is equal to the time derivative of the integrated surface 
charge, Q, over the whole area of a face, where 


=| D dA. 
Q | 4 | _, (13.97) 
Substituting from (13.63) into (13.97) and using the two-dimensional 
equations of electrostatics (13.52), the divergence theorem, and the electric 
boundary conditions on C in (13.72), we find 


Q = Í „DP dA. (13.98) 


Then substituting (13.94) in the first of (13.56) and the resulting expression 
for рб) in (13.98), we have for the total surface charge 


Q = vjz — (e5,/8h)A + X RA | (13.99) 
A 
where A is the area of the plate and the A, are given in (13.93) and 


= |, Геи) + à, ut») — (ek (20) — (15/483) р] dA, 
(13.100) 

L= |, [ex (uA + ô uPA) — (ek [2h)p4 — (15/489)e5,9 4] dA, 
(13.101) 


with the constant V factored out. The formula (13.99) for the surface charge 
О takes account of the action of the crystal both as a capacitor and as a 
charge generator, including in both cases the distortion of the field due 
to the finite dimensions of the plate. When in the vicinity of a resonant 
frequency w ~ w, one term in the sum in (13.99) dominates all others, and 
the formula for surface charge takes the form 


О = VIL — (ei/8h)A + A,Y,]. (13.102) 


At resonance (c = w,) A, and hence Q approach infinity. Right near the 
resonant frequency there is the so-called antiresonant frequency at which 
the quasistatic terms in (13.102) cancel the resonant term, so that Q vanishes. 


7. STEADY-STATE FORCED VIBRATIONS. Il 


In the solution to the nondissipative forced vibration problem which 
we have obtained we have transferred the inhomogeneities from the bound- 
ary conditions and the electrostatic equations to the equations of motion. 
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This procedure enabled the solution to be obtained as an expansion in the 
eigensolutions of the associated homogeneous problem. As we already 
know, there is another procedure whereby we transfer the inhomogeneities 
from the differential equations to the boundary conditions. Moreover, this 
latter procedure is equally applicable when dissipation is present. We may 
obtain the solution based on this latter procedure simply by defining our 
auxiliary solution in such a way that the residual differential equations are 
homogeneous, rather than in the way we did before. To this end, we choose 
the auxiliary functions и, u4, m4, and p4 to be particular solutions 
of the equations 


Т, te + 2ohw?u4 + ext — 0, 

THA — TPA + kokou — ext = 0, 
DPA + DPA — (ы%уФ@! — 0, 

DHA + 2р4 — (15/2): Фе = 0, 


(13.103) 


without regard to boundary conditions. Then inserting (13.103) in the full 
equations (13.75)-(13.77), we find the residual problem governed by the 
homogeneous equations 


TOF + 2oho?u9 = 0, 
TPR — TOR + Sohfo?u?R — 0, (13.104) 
рејв + DPF —0, DHP + 2DP'h —0, 


and the inhomogeneous boundary conditions 


OR — — 0A __ жжеђ(0) DR — — (DA 
n TR — nal. haeo D , Nal ab — Ngl vw 9 


(13.105) 
NDP? = 7 п.р? + Ng(Eq2/8h)O, n, DPE — 7 n,Dj4 , 
wherein the entire right-hand sides of (13.105) are known from the afore- 
mentioned particular auxiliary solution. We must now obtain an appropriate 
number of independent solutions of the residual homogeneous equations 
(13.104) at any given frequency, and take a sum of those independent 
solutions in order to satisfy the seven inhomogeneous boundary conditions 
(13.105) of the residual problem. The boundary condition equations (13.105) 
yield a number of inhomogeneous algebraic equations in the same number 
of amplitudes of the independent solutions of the residual homogeneous 
equations. Hence the amplitudes may be solved for in terms of the driving 
terms and the resultant solution thereby obtained. The above may be 
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accomplished, of course, without further approximation for a highly limited 
number of geometries only. The series method of solution naturally suffers 
from the same limitation. When the present solution is obtained the surface 
charge Q may be obtained from the equation 


0 = | ‚(Ф24 + DOR) dA, (13.106) 


where D4 and D? аге determined from the constitutive relation for D(9. 
The present solution may be generalized formally to account for a small 
amount of dissipation simply by replacing the real elastic constants by 
complex quantities, as is usually done in linear viscoelasticity theory. The 
complex quantities will, of course, be functions of frequency. When the 
complex quantities are introduced in place of the elastic constants the 
resonances may be defined as the frequencies at which О is a maximum 
for a given voltage. When the system is left nondissipative the solution 
blows up (Q becomes infinite) at resonance and cannot be used for a cal- 
culation. 


8. TRUNCATED PLATE EQUATIONS 
FOR ROTATED Y-CUT QUARTZ 


When the arrays of elastic piezoelectric and dielectric constants for a 
crystal with 2-monoclinic symmetry given in (7.7)-(7.9) are substituted in 
(13.49) and (13.50) we obtain the constitutive equations 
TY? = 2h[cfhu] + ch uP} + ctu? + chu] + eng, 

T$ = Lhe [cdreguy} + сьщ + chuh) + cu] + ep 9 + ехе), 

ТА) = 2h[ckeguy} + chru. + си + ctu] + ez + ер), 

Т = 2hx [cut + ctu + che uh? + chu] + eto , 

T® = 2h[cfuf) + cxu + chu + cu] + eto , 

DP = etu + etu) + ete? + etu) — (0/2h)etg 9? , 

DO = eiuf + equ? + eu + eut) — (1/2h) [e + exo? 
— (15/453)e5,9? + (15/85)e$,00 , 

D? = etu) + etsi? + etu + etu) — (1/25) [e + 2599] 
— (15/43), + (15/85)e3,0 , 

Tj? = QI*[3) [runt + 713483) + vag, 

Tj? = (2h? /3) [уьш + Уз] + PPY — posp + рәр), 
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Tj? = QIP?/[3)Dyisut + yas $5] + vise, 

DP = vul + visui) — (3/2/85) Cue? , 

DP = ари) + Vsus — (3/253) [EPV — р + C490], 

DY = раи) + asus) — (3/253) [0,40 — £a + Cg 1], 

DP = (15/859) [5,0% + 22,90] — (45/853)e5,00 + (45/4h9)e$,9 d. 
(13.107) 


Constitutive equations for rotated Y-cut quartz in this approximation have 
been presented by Beaver (3%). However, there are discrepancies between 
his Eqs. (9) and our (13.107) above. 

When the constitutive equations (13.107) are substituted in the plate 
stress equations of motion (13.51) and the plate charge equations of elec- 
trostatics (13.52) we obtain the differential equations 
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3 3 3 
(0) 2,,(0) __ (0 __ 2 Ck. (1) 
— Uu AT l - PS Crate Us 3 = Caas 3 y 4 C44U3 
(1) 


3 
+ Qus + Узь)и 1з + 553.41 + УззИз,зз — УИ (ех + Pap 4 











3 3 3 
+ yg Vis + P35)? 13 + 2B Vas P + 7h? Fy? = = ойу? , 
Viii. 11 + Pasti! 33 + (Wig + Pas Us? 13 э (o + > ; e? 
45 , 15 , 
+ rhe £599 m = Cug'n БЕ A Casp 33 A} £50 
do — 45 s (0 ( 
— = Cos ДЗ Ez ^ = 0. (13.108) 


9. AN APPLICATION TO A ROTATED Y-CUT 
QUARTZ PLATE 


As an example of the use of the equations obtained let us consider a 
rotated Y-cut quartz plate with edges at x, = + / and unbounded in the x; 
direction, as shown in Fig. 22. We will obtain the solution using both of 
the aforementioned procedures. Let us first consider the series expansion 
procedure discussed in Section 5. Clearly the problem, and hence the solu- 
tion, is independent of x,. An examination of Eqs. (13.108), which are 
applicable to rotated Y-cut quartz, when they are independent of x, reveals 
that we may take 


u = uP = »® —0, (13.109) 
while u, uf, ui, and Ф remain coupled to the driving voltage. Then 
from (13.108) the governing differential equations are 

Свв (u$), + Uii) + Caes + ow*uy’ = 0, 
Сьв(и52)1 + UL) + Си + ocu? = 0, 
Shy Ui — 2h css(ui + uy") — 2hxscggu$ + Vi (13.110) 
+ $how?ul)) — е» = 0, 
Syl — бф + (15/А2) еф) — 5e5,V = 0. 
Note that the constant е, couples the thickness-shear deformation with 


the applied voltage, and y,, couples the flexural deformation with the 
induced electric field. 
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In accordance with Fig. 22, the plate is bounded by x, = + / and 
хз = + w. The appropriate boundary conditions on x, = + / аге 


TY = T9 — TY = DP —0, (13.111) 


and we ignore the boundary conditions on x, = + w. Substituting from 
the constitutive equations (13.107) into the boundary conditions (13.111) 
on x, = +/ and taking account of (13.109), we obtain 


2hxgcgg(u] + ut?) + 2hesguS} + ев = 0, 
2hxscss (u$) + ut) + 22си) + e.,V = 0, 
6 se( ) 55"53,1 25 (13.112) 
Syll + фифа = 0, 
shy — 649 = 
A set of auxiliary functions which may be used to remove the inhomoge- 


neous terms, V, from the electrostatic equation, the fourth of (13.110), 
and the boundary conditions (13.112), is 


u94 = (1/2h)VP,x,, u94 = (1/2h)VP3x,, w"4 = 0 


wa | (13.113) 
__ 102° 
p = 3h V, 
where 
__ ©5656 — C€26C55 Р. = C26C56 ^ C25C66 
mn __ A9 X? 3 __ „ү 
Х6(С5Свв с26) (С55Свв Cs) 


Then С?) = Gi) = 0 and the residual inhomogeneous differential equations 
are 


Coote (USIT + Мт) + Cseres + ew uy’® + (1/2h)ew*VP,x, = 0, 
Csel UNE + ШЦ) + СИ rk + owu R + (1/2h)oo*VPsx, = 0, 
Ау uy ye — 2hxe Celui? + uPR) — 2Лхвсьвм$ ү" + vagi (13.114) 
+ Soho? ИЕ == 0 ; 

ghey ue — Cp he + (15/h esp V2 = 0. 
In this case we see that the third residual equation in (13.114) has also 
become homogeneous. The boundary conditions to be satisfied by the re- 
sidual solution are 

2hxecss(u(9]E + ШОЕ) + 2he, uk = 0, 

2hxgscss(uf]F. + uE) + 2heg,ufF = 0, (13.115) 


1 1 — 2 h3 1 — (DR — 
shy, уш) )R -+ Vi p к — , Sh puih )R ug R — 
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We now find the orthogonal functions for the series solution of the 
residual problem, i.e., we find the solutions of the above systems (13.114) 
and (13.115) with V = 0. Consider 


(uf, и!) = (A, B) sin ёх, (uf, 9) = (C, D) cos ёх. (13.116) 
These satisfy (13.114) with V = 0 provided 


А(х62С&2 — оо?) + Вхсв&° + Cx ce = 0, 

Ах? + B(cg5£? — ow?) + Crocs = 0, (13.117) 
Axe Cosè + BxeCse + C( xece + З/У — 30ko?) + D(yy/2H& = 0, 
Cyd? — D(3/2h*) [5 /h* eso + C1167] = 0. 


For a nontrivial solution the determinant of the coefficients of A, B, C, 
and D in (13.117) must vanish, leading to a quartic equation in £?, as 
against a cubic when the piezoelectric constant y,, vanishes. The additional 
root is imaginary for all о, i.e., it produces a nonpropagating mode. Thus 
there will be no additional resonances due to the piezoelectric effect, 1.e., 
there will be a modification of the existing resonances only. Since yj, is 
small in comparison with £,,y,, and ғу, the remaining three roots are 
almost the same as with y,, — 0. Hence there will be little error in the 
wave numbers £ if they are computed as the roots of the aforementioned 
vanishing determinant with y,, — 0. Under these circumstances we have 
£,,n = 1, 2, 3, as functions of о? from the portion of the determinant from 
the first three of the linear equations (13.117) in A, B, and C, and 


& = — 15в%/Р?С\у, (13.118) 


independent of w, from the fourth. From the three-dimensional solution 
presented in Chapter 11 it is seen that (13.118) should be more like 


E? — — 7768, /hres,. (13.119) 


An examination of the equations reveals that an electrical correction factor 
x, should be introduced, and the most probable position should be alongside 
Ef" in the expression for the plate electric enthalpy density ZZ. Nothing 
has been done along these lines, and it really doesn't matter for small 
coupling materials such as quartz. Corresponding to £,, n = 1, 2, 3, we 
may determine amplitude ratios 


Sec. 9] An Application to a Rotated Y-Cut Quartz Plate 165 


from the first two of the linear equations (13.117) in A, B, and C, and 


£30 2 I?e3,6, Sn 


мі 


fe p 2 ба 1,23, (13.121 
Pn 3 sehet GED? ^" (13.121) 


г„ = 


from the fourth. In accordance with our approximation р; = q, = 5, = 0, 
r, = 1. Consequently, we may write (13.116) as 


3 
(us u$) — > М,„(р», qn) sin E , 


п=1 


3 
uj) = У M,s, cos ё, (13.122) 


n=1 


3 
g = М, cosh &,'x, + (yyu/ess) Ў Marn cos £jx,, 


n=1 


as the solution of the problem. In (13.122) &, = i£}. Substituting (13.122) 
into the boundary conditions (13.115) for the residual solution, we obtain 


3 
р? Mn [ecse Pnn + Sn) RE C56Qnén| COS Enl = 0 , 
n=1 


3 
> M, [%С56(С 2л» RE Sn) + С550 non] COs El — 0 , 
"= (13.123) 


3 
M yy e$, sinh(E,'1) — У M, (3h? 71124305, + фт), sin él = 0, 
n=1 
3 
М. sinh(£,7) + pu Ў M, (IPs, — Curr, sin €,/ = 0. 
n=1 


Equations (13.123) constitute a system of linear homogeneous algebraic 
equations in M,, Ma, Мз, and M,. This system yields nontrivial solutions 
when the determinant of the coefficients of the M, vanishes. As usual, the 
vanishing of said determinant results in a transcendental frequency equation 
which ultimately relates the //h ratio to the eigenfrequencies. For a given 
frequency o, the equation yields an infinite number of l/h ratios (or vice- 
versa), to each of which there correspond amplitude ratios 


(M,:M,:M;:M,) (13.124) 
from three of the four linear equations in the M, , and the amplitude ratios 
(Pn2Gn Sn in) (13.125) 


from three of the four linear equations in A, B, C, and D, as already discus- 
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sed. Thus we obtain the expressions 


(uP ure) = > M," (p,", In“) sin £,"^x, , 


n=1 


ил = У M,"s," cos Ёй, (13.126) 


n=1 


| 3 
give = M,” cosh &4'x, + (yy/eis) У М, cos €,4x, , 
n=1 


for the orthogonal eigenfunctions for the series solution of the residual 
problem. 

Little error in a computation of frequencies and amplitude ratios will 
result if the frequency equation is obtained from the first three of (13.123) 
with M, = 0. The frequency equation would then be of the same form as 
in the purely elastic case (88), but the coefficients of the transcendental 
functions would have slightly different values due to the presence of the 
piezoelectric constants. In such an approximation the amplitude ratios M,” , 
M , and M," would be obtained from the first two of (13.123) and M,” 
from the fourth. 

The normalization factor N,,, is found by inserting the eigen-solution 


(А) 
(13.126) in (13.71), remembering that u# = uf?» = 0, with the result 


3 3 
No) — А У У ММ, [DP ps" RE Qu qd," RE FAS m” Sp) Sus 


m=1 n=1 
— (Da ps" + 9“ — Sess s Sua], (13.127) 
where 


Shn = [Sin (Eml + 5, D Enl E Enl). 
Now, from (13.92) we have 


A 3 sin € 41 


M,” 
С, = ay Ж жу (РР P. 22 5 x —cos £4, (13.128) 








since G9) = GWH = 0 and u(4 = и04 — yA = 0), 
Finally, from (13.93) we have 


A, = Со (0,2 — o). (13.129) 


Note that for small damping, dissipation may be introduced simply by 
allowing some of the elastic constants in the associated eigenproblem to be 


Sec. 9] An Application to a Rotated Y-Cut Quartz Plate 167 


complex, thereby introducing a small amount of viscoelastic behavior, 
which contributes a time decay portion to the eigensolution of the free- 
vibration problem. This is admittedly a very approximate procedure, and 
one which we have not justified. However, it is probably very accurate for 
the small damping which occurs in vibrating piezoelectric crystals. In other 
words, it is very doubtful that a more accurate analysis is warranted. This 
procedure permits the relation of the time decay factor of a free vibration 
to the Q of the crystal, which should be related to the steady-state spatially- 
decaying mode rather than the transient time-decaying mode. Nevertheless, 
this procedure affords a useful and essentially valid simplification. Introduc- 
ing the usual expression for small damping into (13.129), we obtain 


2 
Cw 


OFF Or а 


(13.130) 


This latter expression prevents the solution from blowing up at resonance. 

The solution is completed except for the expression for the correction 
factor xs. This is determined by equating the thickness frequency predicted 
by the third of (13.110) with the thickness-shear frequency for rotated Y-cut 
quartz plates, which we have obtained previously from the appropriate 
solution of the three-dimensional equations and is given in Chapter 9 as 
the lowest root of (9.47) along with (9.41) and (9.42). The result is 





1 e? 
nd = y ad(1 + 26 . 13.131 
6 3 0 es cE ( ) 
where o, is the lowest positive root of 
єс 
tan o =a( + Bee), (13.132) 
26 


The formula for surface charge, (13.99), requires expressions for Y, 
and L in addition to A,. These are obtained by substituting (13.126) and 
(13.113) in (13.100) and (13.101), respectively, with the results 


з М 15 | 
Y, =A х "Ful (sean Pu! + Sn”) RE £350, En” Т ALS Vul, sin gl 
nai Spl 4h 


15 . ,, sinh £l 
— A aps EhM тг А 
L = (A[2h)(eessPs + еәРз — $635). (13.133) 


As noted previously, since the expression (13.129) for A, has а reson- 
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ance denominator, near a resonance only one term in the infinite series 
in the formula for the surface charge Q need be computed. In the fore- 
going it has been suggested that in computing the roots of the equations 
obtained by setting determinants of the coefficients in (13.117) and (13.123) 
equal to zero certain of the terms having y,, as a factor be neglected because 
of the smallness of y,,. By following this suggestion the coupling between 
the applied voltage V and the strain would be taken into account through 
е», aS would the generation of the induced electric field by the strain 
gradient through the amplitude ratios r, , but a part of the small counter- 
effect of the induced electric field on the strain would be neglected. This 
approximation need not be made if adequate computing facilities are avail- 
able for computing the roots of the 4x4 algebraic determinant obtained 
from (13.117), which yields a quartic equation, and the 4x 4 transcendental 
determinant which would replace the present transcendental determinant 
obtained from (13.123). 

As noted previously, the solution to a problem including dissipation 
may be obtained more properly by means of the other method of solution, 
which transfers the inhomogeneities from the differential equations to the 
boundary conditions, thereby leaving a residual problem of homogeneous 
equations and inhomogeneous boundary conditions. For completeness we 
will indicate this second method of solution of the rotated Y-cut quartz 
plate problem, which solution we have just obtained by the first method. 
To this end, we take the auxiliary solution in the form 


uA = uA —0, uPA — RV, «(4 = RV, (13.134) 


where 
К; = Htelog/2h(sh?ow? — Xe" Cee); R, = h?[3. (13.135) 


Substituting these expressions for the auxiliary solution, (13.134) and (13.135), 
into (13.110) and (13.112), it is clear that the residual problem consists of 
homogeneous differential equations with inhomogeneous boundary con- 
ditions, and all inhomogeneities are proportional to V. If the problem is 
nondissipative, it is clear that we obtain exactly the same resonance con- 
dition as before, and an off-resonance solution is not a series. If the problem 
is dissipative, the solution exists at all driving frequencies and we may 
obtain the surface charge Q (or any other quantity) in terms of V and the 
driving frequency w. Resonance may then be defined as that w at which Q 
is a maximum for a given V. This procedure involves much more calculation 
than the first, but it is exact, whereas the first is an approximation, although 
one which undoubtedly is very accurate in most practical instances. 


Chapter 14 


MECHANICAL EFFECT 
OF ELECTRODE PLATING 


1. EQUATIONS FOR THE CRYSTAL PLATE 


We are here interested in determining the effect of the elastic stiffness 
and inertia of the electrodes shown in Fig. 22 on the truncated form of 
the two-dimensional equations of motion we have obtained previously in 
Chapter 13. The equations for the unplated crystal (13.51) and (13.52) are 
reproduced here 

Т9. + Ff = 2009, Ta — Tip + FEY = gehts”, (14.1) 
D) + DP =0, DX, + 2D =0, (14.2) 


and the constitutive equations (13.49) and (13.50) are also reproduced 
here as 


х2 


b. 


e 
А 
ККС 
24 
Fig. 22. A rectangular plate with electroded surfaces connected to 


a driving circuit. 
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T? = 2р0) — ez; EQ", 

ТА) = &hyauSm — Vis Et, 

DY = es + (u/2h)es E — (15/803), Ef? , 
DP = иь) + (3/2h*) CE , (14.4) 
D? = (15/8h*)Be E — h?e, Ef) , 


(14.3) 


and all the quantities have been defined previously in Chapter 13. 

Now, before proceeding to the platings we must discuss a few points 
in a little greater detail than we have previously; namely, the significance 
of the quantities TP, T4, Е), and Fj”. First consider the stress resultants 
T;®, which are defined by 


Т) = f. Ti; ахз, (14.5) 


from which we can see that Т0 and 749) represent extensional forces per 
unit length in the plane of the plate. Similarly, we see that 719? represents 
a shearing force per unit length in the plane of the plate, and that Т? 
and T$? represent shearing forces per unit length acting in the direction 
normal to the plane of the plate. The stress resultants T are defined by 


T9 = |. Таб, (14.6) 


from which it is clear that TY and T® represent bending moments and Т0) 
represents a twisting moment. Note that 7/0, T, and T(9 are forces per 
unit length which occur in the elementary theory of the extension of thin 
plates and 719, Т0, ТҮР, TW, and Т) are forces and moments per unit 
length which occur in the elementary theory of the flexure of thin plates (19). 
The surface loadings F® and F{” are defined by 


FP [nb -T)-— Т„у(— Л), (14.7) 
FEP = [х7], = hTa(h) + hT2,(— Л), (14.8) 


and will be of the utmost importance in obtaining the equations for the 
electroded crystal. 


2. EQUATIONS FOR THE PLATINGS 


The electrodes are assumed to be perfectly conducting, and are ex- 
tremely thin compared with the thickness of the crystal plate (Fig. 23). 
Consequently, the purely mechanical portions of Eqs. (14.1) and (14.3), 
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Xo 


2h 
2h 
| 2h и 
X 
Fig. 23. Diagram of a plated crystal plate showing thicknes- 
ses of platings. 


1.e., excluding all electrical terms, for the unplated crystal are applicable to 
each electrode with the additional simplification that all forces, 712, and 
moments, 74), per unit length associated with the elementary theory of 
flexure of thin plates may be neglected, since the plate is so thin that only 
its extensional resistance need be considered. Nevertheless, both its ex- 
tensional and transverse inertia must be included, but rotatory inertia, 
2oh?üf? |3, may be neglected. Under these circumstances all that remains 
of (14.1) and (14.3) are 


ós TQ, + FO” = h'g , (14.9) 
TQ — 2h'VapeaS d , (14.10) 


where дь = 0 for j = 3 and 
h’! 
Fo = T; |, = ту (т) — Т0). (14.11) 


Equations (14.9)-(14.11) are for the upper electrode, and we have an 
identical set of equations for the lower electrode but with the primes replac- 
ed by double primes. 


З. EQUATIONS FOR THE PLATED CRYSTAL PLATE 


Since the electrodes are attached to the crystal plate, we must impose 
the conditions of continuity of surface tractions and mechanical displace- 
ments across the interfaces as did Mindlin (*!). However, since we are 
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already limited to wave numbers which are not too large (£h < 2), we may 
ignore the free thickness-stretch motion (u$?) which accompanies the exten- 
sional motion of the plating and write 


T;(— Р) = Talh), Talh”) =Tal h), (14.12) 
uo” = y + Аби, up" = up — би). (14.13) 


Using (14.12), we may express the surface loadings Fo апа F® of the 
unelectroded crystal in terms of the surface loadings Е and Е” of the 
electrodes. Then the equations of motion of the electrodes, (14.9), may be 
incorporated in the stress equations of motion of the unplated crystal, 
(14.1), thus forming five stress equations of motion of the electroded 
crystal plate; and u% and u(9" may be eliminated from the five equations 
as well as from all the constitutive relations by means of (14.13). In essence, 
this procedure will leave us with five stress equations of motion of the 
electroded crystal plus two electrostatic equations, for a total of seven 
equations in the seven dependent variables u, u(?, 999, and ». To carry 
out this process from (14.7), (14.8) and (14.12) we note that 


FP = Тә) — Toh"), Fy? = hT ah) + КТИ"). (14.14) 


The successive addition and subtraction of (14.11) and its double primed 
counterpart, respectively, yield 


T4(— h') __ ТУА") — gro — Fo — Fo” ; (4 15) 
пы H) + ATS") = 91? — БЕ — FP”), | 


where 
FP = Talh) — Tyl hh), ZP = ТЬ) + hT RU). (14.16) 
Thus from (14.14) and (14.15) we obtain 
FO = FP — (F + FO), FP = FY — ACE” — FO). (14.17) 
We further obtain from the sum and difference of (14.9) and its double 
primed counterpart the equations 

FP” + FP = — бь(Т + ТА ad 2houyp"--2h'o"up", 


J 


(14.18) 
Fo __ Fo” = __ (Т9 __ TQ" a + 2h' o' tif?’ EN 2h''o"' ufo". 
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Hence substituting from (14.18) into (14.17) and using the continuity of 
mechanical displacement conditions (14.13), we find 


FO = — gro + 5 (TQ + TQ") а = 2ho Rgii — 2208 дй?! , (14.19) 
FO =F! gra. АТ — Т” а 21800 — 2hoR pii? ' 
where 
Rs = (gh + o""h" oh, (14.20) 


Rp = (ph — eh" )//oh, (14.21) 


so that Rs апа Rp are the ratios of the sums and differences of the weights 
of the electrodes to the weight of the portion of the crystal located between 
the electrode. Finally, substituting from (14.19) into (14.1), we obtain 


19; + FO = 2ho(1 + Rü + 259 RpÓ; f? , 


14.22 
ир, P + FP = Holl ЗА) о + 2MeRUD. 27) 


(0) = / 0 / 0 , / 0 ^n 
Tij == (0) + Ó. Ó ( ( ) + ) ) 


, (14.23) 
т) = — Тр + hu — TQ ). 


Noting from the conditions of continuity of mechanical displacement at 
the interface (14.13) that 
SQ = SQ + А), SQ = SQ — Р, (14.24) 


and substituting from the constitutive equations for the unelectroded crystal 
(14.3) and the electrodes (14.10) and its double primed counterpart, and 
using (14.24), we obtain the stress constitutive equations for the electroded 
crystal in the form 


TD) = 2Л(сры + i505 res a Sea) SY + 2h? 5 05 jy D SQ? + ex EL , 


(14.25) 
T = 3h? (Vavca + Syd) S + 2h SQ) m V PERDU , 
where 
Vabed = (h'Yavea + h''Varea)/h , (14.26) 
Vocea = (А'Уаьоа — P yapea)] ^ , (14.27) 


and the electric-displacement constitutive equations for the electroded 
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crystal remain the same as for the unelectroded crystal, (14.4). Thus we 
now have the full system of equations for the electroded crystal, which may 
readily be reduced, by straightforward substitution of the constitutive equa- 
tions (14.25) and the kinematical and potential relations (13.53) and (13.54) 
in the five stress equations of motion (14.22) and the two equations of 
electrostatics (14.2), to seven equations in the seven dependent variables 
u, ий), 99, and p”. The equations are similar to but a bit more com- 
plicated than the equations for the unelectroded crystal. At this point we 
could proceed in the usual way to obtain initial, edge, and interior conditions 
sufficient for a unique solution (41). However, in view of our previous work 
in Chapter 13, the results are obvious, and we need not present the uni- 
queness theorem here. We could also obtain the orthogonality conditions 
for the electroded crystal in the usual straightforward manner, but we shall 
not bother to do so, even though the results are slightly different for the 
electroded crystal. Nevertheless, the orthogonality relation for homogeneous 
conditions in the interior and on the edge probably takes the form 


| [A + R uprup” + SEQ + 3К)и uy” 
T AR (uy “up” + up “up” )] dA = N(50,, , (14.28) 


where N,,, is a normalization factor. 

Of particular importance to us is the situation where the upper and 
lower electrodes are identical and isotropic. Under these circumstances 
from (14.21) and (14.27) we have УД = Rp = 0, and from (14.26), (7.30), 


and (11.26) 
Уса — [4 ab ca + и(дасдьа + даадьс)]21' /h , (14.29) 


where 4? = 2uA/(A + 2и) is the plate Lamé constant of the electrode and 
A and и аге the Lamé constants for the electrode material. Then the stress 
equations of motion (14.22) for the symmetrically electroded crystal take 
the form 


т; + 2 0) = 2ho(1 + Rg)i ; 


(14.30) 
Т9) а v т + FP = 3120(1 + ЗК)! , 
and the stress constitutive equations (14.25) take the form 
719) = 2hctt*S 0) _ et* (0), 
j iki SH kij Бк (14.31) 


1) — 243.,* (1) __ (1) 
т — sh Vabed cd РЕ! > 
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where 
chi = Chi + (2h' [h)[2°6 54955944914 + LO ic0 54900 ta + 0 id9jcOxe914) | , 
Vabed =  abcd + (6h' [h) [490,5 ca + и(да.дьз + баа be) ] . (14.32) 


Thus it is clear that in the case of symmetric isotropic electrodes the equa- 
tions are exactly the same as in the case of the unelectroded crystal except 
that the elastic constants and translational and rotational inertial densities 
are different. 


4. FURTHER USES OF THE PLATING EQUATIONS 


Before proceeding further I would like to indicate how the mechanical 
effect of the electrode plating may be included in the least squares or var- 
iational methods discussed in Chapter 12 for solving problems in the 
vibration of bounded plates. In either of these methods we superpose 
solutions of the three-dimensional equations which exactly satisfy the dif- 
ferential equations and the boundary conditions on the major surfaces in 
order to satisfy the conditions on the remaining surfaces approximately. 
The major difference is that in the previous method of using the two- 
dimensional equations the mechanical effect of the electrode served to 
change the differential equations and the edge conditions, while in the least 
squares and variational methods it changes the boundary conditions on 
the major surfaces of the plate and the edge conditions. That is to say, we 
proceed exactly as we did before with either the least squares or variational 
method except that we first change the mechanical boundary conditions on 
the major surfaces of the plate so as to account for the mechanical effect 
of the electrode on those surfaces, and then extend the integration over the 
minor surfaces so as to include the electrode plating. Without the electrode 
the mechanical boundary conditions for a plate with major surfaces at 
Xə = +h аге 

Т»; —0 at x, = +h. (14.33) 


We are here going to consider the case of symmetric electrodes only. The 
electrodes are sufficiently thin compared to the thickness of the plate that 
the mechanical equations for the upper electrode are the same equations 
as before, i.e., 

bT Da H FQ" -—2h'g'ü , (14.34) 


Е = [Ta th = Tz () — Talh), (14.35) 
Tj = 2h'Yonca Sea - (14.36) 
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Since the electrodes are attached to the crystal and the wave numbers of 
interest are not too large (£h < 5), we may ignore the free thickness-stretch 
motion (0) which accompanies the extensional motion of the plating and 
write 


T2;(—h') = T,,;(h), u = u,(h). (14.37) 
Moreover, since the outside of the electrode is traction free, we have 
Т»;(Л') = 0. (14.38) 
From the mechanical displacement continuity conditions in (14.13) we have 
SQ" = Salh), (14.39) 
and from (5.19) we also have the stress constitutive equations 
Tij = Сй, + ёмуф у. | (14.40) 


Substituting (14.36) in (14.34) and then (14.34) and (14.40) in the first of 
(14.37), we obtain the mechanical boundary conditions 


Сок, + ekp, k = Ojo 2 y abede аа — 2h'o'ü; (14.41) 


at х, = +h. We obtain a negative right-hand side at x, = — А, since the 
electrode on the lower surface is identical with the electrode on the upper 
surface and x, points up. Moreover, since the electrode is perfectly conduct- 
ing, the potential within the electrode must be constant, and 


Фа = 0, 
so that the boundary conditions become 
Солид + €229,2 F 2h OjpVaredUe,ga + 2h'o't; =O at x, = +h, (14.42) 
and since the electrodes are isotropic we have 
Yabed = Адаьдга + и(дасдьа + даадьс): (14.43) 


It can readily be shown in the usual way that these boundary conditions, 
along with the usual electrical condition, are sufficient for a unique solution 
to the steady-state problem of the infinite plate. The electrical condition 
is, of course, 


p = tPocoswt at x= ch. (14.44) 
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The homogeneous form (gy = 0) of (14.44) and (14.42) determines 
the two-dimensional standing wave solutions and corresponding dispersion 
curves for the infinite plate including the mechanical effect of the electrode 
plating (22). Note that the new mechanical boundary conditions (14.42) 
on the major surfaces are homogeneous and linear. Consequently, the same 
procedure of superposing the thickness solution and an appropriate number 
of two-dimensional standing wave solutions of the homogeneous problem 
(1.е., with p = 0 at x, = + А) in order to satisfy the remaining boundary 
conditions approximately by either the method of least squares or a varia- 
tional technique 15 applicable. Note from (14.42) that even the thickness 
solution changes because of the inertia of the electrode. Note further that 
in integrating either the least-squares conditions or the variational con- 
ditions in the thickness direction along the minor surfaces of the plate the 
contribution of the electrode plating must be included. For example, sup- 
pose in a symmetric, purely elastic problem that the boundary conditions 
on each of the minor surfaces are, say, 


Then, according to the method of least squares discussed in Chapter 12, 
we must minimize 


1 


M = т 2h) 


h h+2h! 
M Т\;Т,; dx, + 2 |, Til dx at x, = 1, (14.46) 


since, as already discussed, Т, is negligible in the electrode plating. Now 
, h+2h' 
т?” = f HE Ta dxa, (14.47) 
h 
and since Tj, is essentially constant in the electrode plating, we have 
Т,ь = T$ [2h . (14.48) 


Hence we must minimize 


1 


h 1 (0)7r(0)' 
М = 2(h F 2h) |f тт, dx, + P Ti, Tip at ху = l. (14.49) 


In the same problem, using the variational technique discussed in Section 4 
of Chapter 12, we have the variational condition 


h h42h' | 
_ f , Tu du; dx, — 2 f Typ Ôu dx, =0 at x,=/, (14.50) 
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since Т is negligible in the electrode plating. Since u, is essentially constant 
in the electrode plating, as is 7,,, we have from (14.37), (14.48), and 
(14.50) 


h 
— | , Tı; ди; dx, — 2Т дщ) =0 at х, =l (14.51) 


as the variational condition for the approximation. 


Chapter 15 


SOME ELECTRICAL CIRCUIT 
CONSIDERATIONS 


1. ELECTRICAL ADMITTANCE 


In Section 6 of Chapter 13 we found the current through the crystal 
for a prescribed driving voltage across the crystal. In electrical engineering 
terminology we have found the admittance of the crystal [(®), Chapter 3, 
Section 18)]. However, before we can introduce these terms properly we 
must discuss a sign convention associated with the terminology. The sign 
convention we will employ is contained in the diagram in Fig. 24, which 
indicates that by convention the current is considered positive if it flows 
from active to passive + to + [(4), Chapter 9, Sections 1, 2]. The passive 
element can be represented by an admittance Y and eliminated from the 
diagram by means of the relation 


I= ҮР, (15.1) 
so that we may consider the diagram in Fig. 25 instead of the one in Fig. 24. 


Thus it is clear that our formula for surface charge has effectively determin- 
ed the admittance of the crystal, which, in that case, was a passive element. 


Tap 


Tap 
Fig. 24. An electrical circuit with a passive and an active element. 
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Fig. 25. An electrical circuit with the passive element repre- 
sented by an admittance. 


However, we must find out if Zis + О or — О according to our convention. 
Since the x, axis has been taken to be positive in the up direction and accord- 
ing to our electrical convention the current flows down in this passive ele- 
ment, we have 


— - | bx h)dA = — д, (15.2) 


and in our particular case from (13.102) and (15.2) we find near a resonance 
(w == о) 





/ 2 
I= -iwv(L-a + LE). (15.3) 
Hence the admittance of the crystal is given by 
Ess Á Y,C,o* 
= — io( L — 37 + „=, , (15.4) 


and is purely susceptive [(??), Chapter 3, Section 18] when there is по damp- 
ing. If damping is introduced in the usual manner, a conductive (3) com- 
ponent enters (15.4) by virtue of (13.130). We can now use the above formula 
(15.4) to put the crystal in a circuit with an active element and determine 
the characteristics of the entire circuit as a function of frequency if the 
frequency is confined in the neighborhood of o,. 

However, of prime interest to us here is the situation where the crystal 
is the active element, because in that case the problem cannot be completely 
formulated field-theoretically without determining the analytical expression 
for the admittance relation for the remaining passive portion of the circuit. 
We are again concerned about whether a sign is plus or minus according 
to our convention. Since the x, axis has been taken to be positive in the up 
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direction and according to our electrical convention the current flows up 
in an active element, we have 


1= + | D- h) dA — 4- Q. (15.5) 


Thus from (15.1) and (15.5) our required expression for the admittance 
relation for the remaining passive portion of the circuit is 


Í , DYC- h) dA = YV. (15.6) 


As we shall see, this expression is crucial to the solution of a crystal vibration 
problem when the crystal is an active element. 


2. COMPLEX NOTATION 


Note that in Section 1 we introduced the usual electrical engineering 
convention [(), Chapter 3, Sections 13-15] of introducing complex quan- 
tities and meaning that the real párt should be taken after the complete 
expression is written in terms of real quantities including the time depend- 
ence. For example, in Section 1 


Y = YE + iY!, V=(V,24 WVJ)e, 
and according to the convention, by YV we mean 


YV = Re( YE + iY!)(V,8 + iVÆ)(lcos wt + i sin wt), 


15.7) 


We shall adhere to this convention where convenient. Moreover, when we 
have a standing wave function as a solution we shall write, say, 


U, = Asin nx, cos £x, et (15.8) 

where A is complex and sin 7x, cos £x, is real, so that in (15.8) we mean 
U, = sin nx, cos ёх, (AF cos wt — A! sin wt). (15.9) 

When we have a traveling wave function as a solution we shall write, say, 


U, = A cosh nx, exp — i(€x, — ot), (15.10) 
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where A is complex and cosh ух, is real, so that according to our con- 
vention, by (15.10) we mean 


U, = cosh nx, [AF cos(£x, — wt) + AL sin(£x, — wt)]. (15.11) 


This convention reduces the amount of writing considerably. 


Chapter 16 


APPLICATION TO A 
MONOLITHIC STRUCTURE 


1. COUPLED THICKNESS-SHEAR AND FLEXURE 


Consider the rotated Y-cut quartz plate shown in Fig. 26 with five 
sections which are denoted 0, 1, 2, 3, and 4. The 1 and 3 sections contain 
electrodes and the others do not. The 1 section is driven by the application 
of an alternating voltage to the surface electrodes and the energy is detected 
in the 3 section by a passive detecting circuit of admittance Y. As usual, 
the dimension out of the paper will be ignored. The solution actually re- 
quires the full system of two-dimensional equations (13.110) which we 
derived for x, dependence in rotated Y-cut quartz, and which contain 
coupled thickness-shear, flexure, and face-shear motions. However, we shall 
make an approximation which results in a tremendous simplification and 
which yields very accurate results if we confine the frequency to a certain 
very narrow range of great practical importance. Nevertheless, before we 
make the simplification we will discuss the solution of the more general 
problem in some detail, including the full piezoelectric coupling. When 
we make the approximation we will, of course, assume that the piezoelectric 
coupling is small. 

The differential equations in all four sections are of the same form, 
but the voltage must be eliminated in sections 0, 2, and 4 by means of the 
zero surface charge conditions (13.65). As we know from Chapter 14, on 
account of the plating the mechanical material constants (elastic and 
inertial) in sections 1 and 3 are different than those in sections 0, 2, and 4. 
The first thing we do in all five sections is introduce auxiliary solutions in 





Fig. 26. A monolithic structure. 
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Imé Re£ 
3 2 1 О 1 2 3 


Fig. 27. Dispersion curves for the lowest antisymmetric modes of an infinite 
rotated Y-cut quartz plate for real and imaginary wave numbers including the 
influence of piezoelectricity. 


(13.110) which leave residual homogeneous differential equations and in- 
homogeneous boundary conditions. We know that the standing and travel- 
ing wave solutions of these differential equations yield the dispersion curves 
shown in Fig. 27. The curves shown are for the unplated regions 0, 2, and 4. 
The curves for the plated regions 1 and 3 are of the same shape, but have 
the important difference that the nonzero intersection point A with the w 
axis appears lower, say at the point A’, on the diagram shown. Real values 
of the wave number £ correspond to propagating waves in regions 0 and 4 
and trigonometric standing waves in regions 1, 2, and 3. Imaginary values 
of Ё correspond to decaying (or growing) standing waves in regions 0 and 4 
and hyperbolic standing waves in regions 1, 2, and 3. In regions 0 and 4 
we can tolerate only decaying standing and outward traveling waves. Thus 
at any frequency we have four complex solutions in each of these two re- 
gions. In regions 1, 2, and 3 we can have both sin and cos (or sinh and 
cosh) for the spatial dependence of each variable, thereby giving eight 
complex solutions at any one frequency in each of regions 1, 2, and 3. Thus 
so far we have 32 independent solutions, and hence 32 complex unknowns. 
The voltage V in Section 3 is an additional complex unknown, and we have 
a total of 33 complex unknowns. The boundary conditions are the con- 
tinuity of 


0 0 1 0 
T$, T$, Tj. D$ , u$ , u$, uy”, gp (16.1) 


at each point of connection of one region with the adjacent one. There 
are four such points of connection of the five regions. Hence the continuity 
of the eight quantities in (16.1) at each of the four connection points gives 
us 32 complex equations in the 33 complex unknowns. However, we have 
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the admittance condition in Section 3, which takes the form 


Í [DP + PDP] dA = YY, (16.2) 


in this approximation. This gives us a total of 33 complex linear algebraic 
equations in 33 complex unknowns, which may be solved numerically. 


2. THE THICKNESS-SHEAR APPROXIMATION (*) 


Numerical results from the aforementioned system of equations discus- 
sed in Section 1 in simpler cases (5) indicate that for frequencies in the 
vicinity of the thickness-shear frequency (say A’ < о < A) and for small 
wave numbers (| éh | <1) the thickness-shear mode dominates and the 
amplitudes of all other modes are extremely small. Consequently, we will 
formulate the problem discussed in Section 1 considering only that one 
mode and assuming small piezoelectric coupling. The significant character- 
istics of this essentially thickness-shear approximation are: 


1. The frequency is very close to—both above and below—the thick- 
ness-shear frequency in each region. 
2. The wave number ё is sufficiently small that | k? | < 1. 


This means that our approximation will contain two parameters of 
smallness, (1) the ratio (deviation from the thickness-shear frequency): 
(thickness-shear frequency) and (2) the dimensionless quantity h. We now 
proceed to make the approximation in the two-dimensional equations. The 
equations are the four differential equations (13.110) in the dependent 
variables и), uf?, uf, and Ф, which we used when we considered the 
vibrations of a rotated Y-cut quartz plate in Chapter 13. We are at this 
stage considering the typical equations which are valid in any section, 
with different sections having different constants. The pertinent constitutive 
equations may be obtained from (13.107) when x, dependence is excluded, 
and are 


Т) = 2h«cg(ug] + ul?) + 2һхсви! + хе, 

TY = 2h»«scgs(u9) + ul?) + 2heggu) + eas V, 

TP = $ уи + yug, 

DP = pu — (3/2Һ%)буүр%, 

D$ = хе»(и@) + ul) + е,5и0) — (15/4h Jeep + (3/4А)е У, 
D$? = (15/4h*)e..(39 — kV). 


(16.3) 
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Since the piezoelectric coupling is small, for purposes of obtaining a solution 
all electrical quantities can be ignored in the unelectroded sections 0, 2, 
and 4, the electrostatic equation can be ignored in the driving section 1, 
and the stress equation and electrostatic equations can be solved separately 
in the detection Section 3, and all electrical edge conditions can be omitted 
in the analysis. However, if when the solution is obtained, we wish to cal- 
culate the current through the driving Section 1, we must first obtain the 


induced electrical-potential resultant Фф) from the electrostatic equation in 
1 


Section 1 using the mechanical functions known from the solution. Thus 
under the assumption of small piezoelectric coupling it is perfectly permis- 
sible to make the approximation, in the three stress equations of motion 
in (13.110), of ignoring the induced electrical potential resultant Ф. 

We begin the approximation by noting that cz, <c;,, and neglecting 

. Then since we are not interested in the resonances associated with u 
we е may ignore the second differential equation and T (09), At this stage the 
two remaining mechanical equations in (13.110) take the form 


Cete (uf), + uH) + owu = 0, (16.4) 
QR3/3)y ш), — 2Лж°сев(и@!) + ul?) + Zh? ow?ul) — е» = 0, (16.5) 
and the remaining constitutive equations (16.3) take the form 


TY = 2hx$cs(u$] + ul?) + xeezV , 

TY = #РЗуңи%), 

DY = yu — (3/2h) 0,9, (16.6) 
D$? = xgess(u) + ul?) — (15/452)e,,9*? + (3/AR)essV , 

D? = (15/4h95)e,,(39? — kV). 


Note from (16.4)-(16.6) that the two remaining mechanical differential 
equations (16.4) and (16.5) may be written 


TY, + eau! = 0, (16.7) 
TQ, — Т) + 3АЗоо?ий = 0. (16.8) 
Ignoring the mechanical effect of the electrode, we take 


u® = A sin x, uí = B cos &x,, (16.9) 
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such that 
w = (n[2h)(css/o)!? + € =w + е, | 20| << 1, le] Kow, (16.10) 


and substitute (16.9) in the homogeneous form (V = 0) of (16.4) and (16.5), 
to obtain 


A = (WE/3)B, (16.11) 
— hy, ESREB — (n2/6)cgEhA + 8№л(соо) еВ = 0. (16.12) 


Substituting from (16.11) into (16.12), we obtain 
Shiyi + (72/12) cee ]E2h?B — &Rh?n(cggo)! еВ = 0. (16.13) 


The implications of the foregoing are that (16.4) serves to enable us to 
solve for u$? in terms of и in the form 


up = — (0/3) utt, (16.14) 
which may then be substituted in (16.5) to yield 
SIP (yy, + 6С) — 2hxe Ceu + Showu — же; = 0. (16.15) 


The above approximation was for the unelectroded portion of the 
crystal. A similar approximation may, of course, be performed for the 
electroded portion. However, since the mass loading of the electrodes is 
very small, the effect of small piezoelectric coupling may be comparable 
with the effect of the mass loading. Consequently, before proceeding further 
we must obtain the thickness solution of a piezoelectric plate including the 
mass loading of the electrode. 


3. THICKNESS VIBRATIONS OF ELECTRODED 
ROTATED Y-CUT QUARTZ INCLUDING THE MASS 
LOADING OF THE ELECTRODE 


We begin this section by writing the equations for the thickness-shear 
vibrations of a rotated Y-cut crystal with surface electrodes in the form 


Celi 22 + €20,23 = OU, , €264,,22 — €22,22 = 0, (16.16) 
Свв г + E29, 2 + 2һ'о'й, = 0 at x, = +A, (16.17) 
ф = + фо cos ot at x, = +A. (16.18) 
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Equations (16.16) are the nontrivial equations of (9.34), (16.18) is the last 
of (9.35), and (16.17) is the form taken by (14.42) in this case. Ignoring 
the time factor cos wt, the steady-state solution satisfying the differential 
equations (16.16) and the electrical boundary conditions (16.18) is given 
by 


2 
€26 
ui = A sin 1х5 " (co + ESL = ow? А 
22 


CoA sin nh 


ф = <8 A sin nx — X, + 2% x. (16.19) 


E22 Й 


Substituting from (16.19) into the mechanical boundary conditions (16.17), 
we obtain 


where 
Кв = €36/Coséee » R = 2o'h' [oh , (16.21) 
and 
Свв = Cog + (€3o/ 622) . (16.22) 


Resonance occurs when the coefficient of A in (16.20) vanishes, i.e., when 
nh cos nh — k? sin gh — К?Л? sin gh = 0, 
or 


tan nh = nh/(k? + ЕЮ), — (16.23) 


where we have dropped the subscripts 26 on ЖК. Since k? and К are very 
small, the first root yh of (16.23) will differ from 2/2 by a small quantity, 
say A. Then we have 


nh = (2/2) — A, (16.24) 
and substituting (16.24) in (16.23), we find 


cos A — (1/2) — A 
sn A k? + Rijn? — xA + 43) 





(16.25) 


Expanding the trigonometric functions in (16.25) as power series in Л, 
recalling that R < 1 and k? «€ 1, and retaining up to quadratic terms in 4, 
we obtain 


A? — ixA + k + ¿Rre = 0, (16.26) 
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which has the pertinent root 
A = (2К?/л) + 4nR. (16.27) 


Hence from (16.27) and (16.24) we have 





2 
nh == (1- R- 4k ). (16.28) 
and the piezoelectric effect of the electrode is negligible compared to the 
mass loading effect if 4k?/z? < R. Thus from (16.28), the second of (16.19), 
and (16.22), the thickness frequency in the electroded portion is given by 


2 a 1/2 
a, == (1 к К ) =) | (16.29) 


л? О 


œ 








It can readily be shown that the thickness frequency in the unelectroded 
region is given by 


wy = (7/21) (Свв/0)"?. (16.30) 


The thickness frequency which we used in Section 2 of this chapter and 
appears in (16.10) is 


wo = (л[2А)(с;в/0)"'?. (16.31) 
Now, from the first of (16.21) and (16.22) we have 
Свв = С66(1 — k’), (16.32) 
and since k? < 1, we have 
Cog = Cge(1 + K?). (16.33) 


The quantity which is really of interest is @,/wy, and from (16.29) and 
(16.30) this is given by 


@0,[0у =1— R— (4 /л?). (16.34) 
Now from (16.33) we have 
(Eos)! = [св(1 + К®)]!# = (egg) A + $K?). (16.35) 


Hence from (16.30), (16.31), and (16.35) we have wy/w = 1 + $K?, and 
if we wish to continue to use the thickness-shear frequency о, from our 
previous work in Section 2 in the small piezoelectric coupling approxi- 
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mation we must define a fictitious piezoelectrically unstiffened thickness- 
shear frequency &, by 


@0 = @,(1 — $k?). (16.36) 
Then from (16.36), (16.29), (16.31), (16.35), and (16.34) we have 
00100 = @,| 00у = 1 — R — (4k? /n’), 


and the important relationship (16.34) is adhered to. From (16.29), (16.31) 
and (16.35) note that 


= 2 2 2 
О» =(1-R- ) (1+) Ro -z)-^ 
IU 


Wo 2 


~1+0.1k2—R (16.37) 








is of no physical significance here, since the piezoelectric constants cannot 
be varied. However, for electrically biased electrostriction the effective 
piezoelectric constants could be varied, and then (16.37) would have physical 
significance. Note from (16.37) that for small piezoelectric coupling the 
combination of piezoelectric stiffening and the electric boundary condition 
at a driven electrode serves to raise—not lower—the thickness frequency. 


4. THE THICKNESS-SHEAR APPROXIMATION 
IN THE ELECTRODED REGION 


We may now make the approximation for the electroded portion. In 
doing so we will naturally introduce the defined thickness-shear frequency 
© given in (16.36). 

From (14.30)-(14.32) we find that the pertinent equations for the 
electroded portion analogous to Eqs. (16.4) and (16.5) for the unelectroded 
portion are 


Coste (иу + uth) + o(1 + R)o?uf? = 0, (16.38) 
Sh Puy — 2hx css (ug + uy?) + $Л%о(1 + 3R)o?u? — xe; = 0. 
(16.39) 


where the barred coefficients are for the plated region. The thickness-shear 
frequency predicted by (16.39) is given by 





_ He 3с 1/2 
aieia w 
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and is to be compared with о, defined in (16.36), which from (16.36), 
(16.29), and (16.35) is given by 


л 


2 1/2 
7 ( в “К | (=) | (16.41) 


Oy = 
л 0 





instead of о, , because we used wọ instead of wy in the unelectroded region, 
as noted in Section 3. Hence from (16.40) and (16.41) we have 





2\2 
z? = = (1-R- 4k ) (1 + 3R), 


л? 


which for А < 1 апа k? <1 may be written 





2 2 
к? == ( + R— x ) (16.42) 


Now, proceeding as in Section 2 for о = @, + €, |£| < öv, and | £?/?| < 1, 
from (16.38), (16.41), and (16.42) we find 


JB 1+ R— (SES) o 
3 1— R- (8k2/n?) > 


u, = — 
or since R < 1 and k? <1, we have 

uy? = — gh + 2К)и\!}, (16.43) 
and substituting (16.43) in (16.39), we obtain 


ЗАЗ [yy + X&(1 + 2К)св] ий), — 296и) + sh®o(1 + 3R) о?и! 
— Helas = 0 9 (16.44) 


which is a differential equation of the same form as (16.15) but with slightly 
different coefficients. 


5. THE EDGE CONDITIONS 
FOR THE THICKNESS-SHEAR APPROXIMATION 


The edge conditions in the thickness-shear approximation [Eqs. (16.15) 
and (16.44)] are extremely complicated indeed, as a result of the fact that 
one branch—the flexural—has been eliminated and only one—the thick- 
ness-shear—remains. The approximation itself is valid in any one region 
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only if the frequency is very near the thickness-shear frequency. In any 
steady-state vibration problem in which there are two or more different 
sections the frequency must be the same in each section. Consequently, 
for Eqs. (16.15) and (16.44) to be valid the thickness-shear frequencies 
must be very nearly the same in adjacent sections. I cannot emphasize 
too much the need to note carefully that Eq. (16.15) [or (16.44)] 15 an 
approximation to the equations of coupled thickness-shear and flexure, 
and it is valid in a highly limited range only. Now, the equations of coupled 
thickness-shear and flexure have four continuity conditions at an edge 
connecting one region with another. The four conditions are the continuity 
of 


1 1). 
T$), Tip, uP, uP; (16.45) 


and two branches in each section are required in order to satisfy the four 
conditions; however, the present approximation no longer has two branches, 
it has only one. The first step in resolving this dilemma is to recall that 
to the present approximation we have in the unlectroded region 


Т = — &h*x$csgul, + 2o cgi, (16.46) 
TY = Pyu, (16.47) 
up = — im. (16.48) 


Since in this approximation |£?/?| <1, we may write 719 in the form 
TQ = 2hx«g css? , (16.49) 


in place of (16.46). Note from (16.47)-(16.49) that of the four continuity 
conditions in (16.45) Т) and u are large and Т\Р and u are small, since 
h| < 1, and the large ones and small ones are separately proportional. 
Note further that the product terms 


Toup, ТР, (16.50) 


which appear in Mindlin's (?9) uniqueness theorem for the equations of 
coupled thickness-shear and flexure, may, by virtue of (16.47)-(16.49), be 
written 


— 252, 2 DG) 213 1,1 
Sh 2% Cest uu , gh Узи , (16.51) 


from which it is clear that both terms аге of the same order of magnitude. 
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Consequently, it is impossible to eliminate the flexure in favor of the shear, 
or viceversa, at this stage. Hence at a prescribed homogeneous edge con- 
dition (free, fixed, or mixed) we must satisfy two conditions approximately 
with one branch, and at a junction connecting two adjacent regions we 
must satisfy all four conditions approximately with one branch in each 
section. In the prescribed homogeneous cases we can always eliminate one 
of the two conditions, since, as noted previously, two of the four quantities 
specifying the conditions are small compared to the other two and the large 
ones and small ones are separately proportional. Hence we have simply 
to satisfy the large condition and ignore the small negligible one when it 
exists. Thus when the edge is either completely free (T1 = Tf’ = 0) or 
completely fixed (uf? = u® = 0), we have to satisfy the edge condition 


ио — 0. (16.52) 


Clearly we must satisfy this same condition when the edge is supported 
in such a way that Т0 = ui!) = 0. Only when the edge is supported in 
such а way that ТП = u$? = 0 do we have to satisfy 


ш) = 0. (16.53) 


In the case of a junction connecting two adjacent regions we can satisfy 
all four conditions approximately only when two of the four conditions 
are approximately equal to the other two. This will be the case when adjacent 
sections have approximately the same thickness and flexural and shear 
properties, i.e., when Л, ууу, and хь°сев have very nearly the same values in 
adjacent sections, as in the problems with which we are concerned. Under 
these circumstances the four continuity conditions, (16.45), at a junction 
may be replaced by the two continuity conditions 


u, щй), (16.54) 


or any of the other equivalent combinations of two conditions for that 
matter. Thus the thickness-shear approximation is sensible only if the thick- 
ness and shear and flexural stiffnesses are approximately the same on 
adjacent sides of a junction, and under these circumstances all four con- 
tinuity conditions are satisfied approximately by the one remaining branch 
associated with each section. These considerations imply that if the shear 
and/or flexural characteristics in two adjacent sections differ considerably, 
the thickness-shear approximation would be useless and the fully coupled 
equations of thickness-shear and flexure would have to be used. 
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6. APPLICATION OF THE THICKNESS-SHEAR 
APPROXIMATION TO A MONOLITHIC STRUCTURE 


We now have the equations and boundary conditions to solve the 
problem discussed in Section 1 using the thickness-shear approximation. 
In regions 0, 2, and 4 the equation is (16.15), which, for convenience, we 
rewrite here as 


Shy, + %62С6в) Ш — 202си) + Show uth = 0. (16.55) 
n n n 
In region 1 the equation is (16.44), which, for convenience, we rewrite 
here as 
Зи [Puy + Ze + 2R)cee] и}, — 2h css UP + holl + 3R)w? uy" 
1 


1 


— Же = 0. (16.56) 
In region 3 we have the same equation as (16.56) but with a lower script 
3 instead of a 1, and from the last of (13.110) the electrostatic equation 
Shey, un — би Ф + (15/k?)ez o — 580 = 0, (16.57) 
3 3 
which, because of small piezoelectric coupling, may be solved separately 
from the mechanical equation analogous to (16.56) for region 3. In region 3 


from (15.6), (13.63), and the fact that рі) = 0 according to (13.107) we 
also have the admittance condition 


f Е + тр dA = YV, _ (16.58) 
A 3 3 3 


where from (13.107) and (16.43) we have 





_ h? 3 
р? = — Xe€26 EN (1 4- 2R) uii + Heeze uy" — E22 p” + 2р E22 y, 


4h? 
Df? = (15/485) 3p” — HV). (16.59) 
3 3 


At each point of connection of one region with the adjacent one we have 
according to (16.54) 


u = yl) (16.60) 
n n+1 п = 0, 1, 2, 3, 
ud = uj (16.61) 


n п+1 n = 0, 1, 2,3. 


Sec. 6] Application of the Thickness-Shear Approximation 195 


Since the frequencies must be confined to be in the neighborhood of the 
thickness-shear resonances, we may simplify the equations somewhat by 
recalling from (16.10) that 


| л Свв 1/2 


and then defining ғ so that 





2 1/2 
o=0 rix (1- R~ = (2) LE, (16.63) 


and then substituting (16.62) and (16.63) in (16.55) and (16.56) to obtain 
Sh? (41 + %6°Coe) uft + Зли (со)! Pe uP = 0, (16.64) 


for n = 0, 2, 4, and 


2 


4k 
S&P [у + X&(0 + 2R)ces] vil + jar + 2R — Hi шуу: uy) 
Jt n 


n 


— Helo V = 0 А (16.65) 


for и = 1, 3. Clearly, from (16.62) and (16.63) we have 





_ _ л C 1/2 Ak? 

=e +o B= e H y (58) (R+ = ) (16.66) 
In regions 1 and 3 we now express the solution as a sum of an auxiliary 
and a residual part, the auxiliary part selected so that the residual part 
satisfies homogeneous differential equations. Clearly, from (16.65) the 
auxiliary part is given by 


A 3 Helo 
И) = —— a V, 
n 2?л [1 + 2R — (4k? л?) (сео)! ё n 


or since А < 1 and k? <1 





3 (1—3R 
"n = У U — 28) Cog V, (16.67) 
n Ah? (ceso) PE ^nm 


and the residual solution satisfies the homogeneous mechanical equation 


WP + SO + 2 Res] wits + dí [1 + 2R — (4k? fa?) Kec)? E ii? = 0 
(16.68) 
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for n = 1, 3, and in these regions 


m 


Qa up. (16.69) 


u = 
n 


ss 


Moreover, in region 3 the electrostatic equation (16.57) remains essentially 
unchanged and may be written 


R 
3h Yu un — u PH + (15/4?)ez p — 5e, V = 0. (16.70) 
3 3 3 


When expressed in terms of the residual variables in regions 1 and 3 the 
mechanical continuity conditions (16.60) and (16.61) take the form 





МЗ (1— &R) R 
uf) = M er V us) 16.71 
n. 4h? (Cesp)? E 26 n+l + "n 5-9 2 ( | ) 
Е 
и) = му (16.72) 
n n+l n=0,2, 
n n—1 n= 2, 4. 


Thus at this stage we have five homogeneous mechanical equations, (16.64) 
and (16.68), eight mechanical boundary conditions, (16.71) and (16.72), 
one electrostatic equation, (16.70), and one admittance condition, (16.58). 
We also have a prescribed voltage V. In each section a typical solution 


и) = Acoséx,, 
n n n ` 


yields a dispersion relation as shown in Fig. 28, and the dispersion relation 
for the unelectroded region lies above the dispersion relation for the elec- 
troded region, and is shown dotted. We will confine ourselves to frequencies 





Ітё Re£ 


3 e 1 О 1 2 3 


Fig. 28. Thickness-shear dispersion curves for plated and unplated piezoelectric 
plates for real and imaginary wave numbers. 
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w, Where à, <w <w. Then e is always negative. We may then write 
the mechanical portion of the solution in the form 


uy” =A exp — [iE (x cil. 


^u = A cos E[x, + #(% + 4)) + B sin pa, + HG + Ь)], 


uí) = A cosh iéx, — B sinh ix, (16.73) 
2 2 2 2 2 


и = А соз fx, — #0 + 1)] + В sin pa — HA + 1]. 
uj? = A exp[i&(x, — 1, — 4h)], 
4 4 4 


where the time factor is understood to be е? and the A and B are complex, 
n n 


and & = ё = Ё and & = £, and which are found, respectively, from the 
0 2 4 1 8 


relations 
2 CCo)? ле (16.74) 
0 yai F xe Cse A 
1 + 2R — (4k?/x? E 
2 — 1528 QE) (cago)? ii ; (16.75) 
1 Yu + (1 + 2R) coe h 


which are found by substituting from (16.73) into (16.64) and (16.68), 
respectively. Substituting from (16.73) into the eight mechanical continuity 
conditions given in (16.71) and (16.72) yields eight complex, linear, algebraic 
equations in the nine complex unknowns A, A, A, A, A, B, B, B, and у. 


We must now satisfy the electrostatic equation (16.70) in region 3. 
R . 
To this end, we substitute и) from (16.73) and write »™ as the sum of an 
3 3 


auxiliary and residual part, so that 


p” — p” + pn (16.76) 
where 
A 
ф = Qv, (16.77) 


R 
so that from (16.76), (16.77), and (16.70) we see that фт satisfies 
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R R R 
— hyng” up — Ĉu vn + (05/h*)es, qu = 0. (16.78) 


Since we have assumed small piezoelectric coupling and ignored all electri- 
cal edge conditions, we have already ignored the essentially vertical piezo- 
electric branch shown in Fig. 27. Inasmuch as the homogeneous solution 


R 
of (16.78) for m™ gives rise to this essentially vertical branch which has 
3 


already been ignored, this homogeneous (complementary) solution can be— 
indeed has been—ignored and only the inhomogeneous (particular) solu- 
tion of (16.78) need be considered. This latter solution takes the form 

2 Vu 


R R 
g” = — р? —— fre uh (16.79) 
3 45 £5» 3 3 


Moreover, as we shall see this term turns out to be negligible when inserted 


in the admittance relation (16.58). From (16.76), (16.77), and (16.79) we 
.now have 

ө уу 2 у 
3 3 s 45 


Yu 


€29 


hE? yD, (16.80) 
з 8 


Substituting from (16.73) and (16.80) into the constitutive equations (16.59), 
which must be integrated over the area of the electrode in region 3, in the 
admittance relation (16.58), we find 


_ R _ v 3( — $R) 
Dp” = 3% lo6(1 + 28) uy + % ОО АЙ (со)! E eV 
R 5 1 R 3 
+ 5%е» uy — Ah 2714 — 6 Фай up T th У, (16.81) 


Df? = (M2h*yy JE ul”. 
3 1 3 
Since y, is of the order of е» and #?/? < 1, from (16.81), we obtain 
1 


3 (1 — 3R)e? 
Я, м3 ( 8 R)e3s y — E22 y 
Ah? (сево)? 3 2h s 





DP + PDP = 
+ 95664 cos E [x1 — #(Ь + h)] + B sin 5 [x — i5 + )]}. (16.82) 


Substituting (16.82) into the admittance condition (16.58) and integrating 
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over the area of the electrode in region 3, we obtain 


x 3(1 — 3R)e? x l 
—iobl, £2. | 53 0 7 Юе y, ob A sine $ = yy, 
2h 2h(cggo ) *&e,, 3 ё 3 12 3 
! (16.83) 


where b is the length of the electrode out of the paper. Equation (16.83) 
may be written 








2h 2h(ceqo)! ^ £855 с 


[ы Соо 1 __ хв V 3 (1 m $ Rye, B iY 2256 
|. 3 


(16.84) 


Equation (16.84) is the admittance relation, which provides the ninth com- 
plex linear algebraic equation. As already stated, the other eight equations 
come from the eight mechanical continuity conditions in (16.71) and (16.72). 
We have not bothered to write them down because they are extremely 
straightforward and simply require a great amount of writing. Thus we 
now have nine complex, linear, algebraic equations in nine complex un- 
knowns. The value of the admittance Y depends, of course, on the external 
circuitry associated with region 3. 

Before making a calculation the equations should, of course, be put 
in dimensionless form wherever possible. This may be accomplished by 
writing the pertinent equations so that the dimensionless quantities ёй, 
l,[h, c/w, and ёо, occur. A calculation would then proceed by selecting 
a value of о/о, which would determine values of €/wọ and &/w,. Then 
ch and eh could be determined from (16.74) and (16.75), respectively, 


after which the nine complex equations may be solved simultaneously to 
give the nine complex unknowns in terms of the applied voltage V. Thus VIV 


may be determined. In making a calculation, some obvious numerical 
simplifications can be made because of the smallness of certain quantities. 
That is, since the electrodes and piezoelectric coupling are such that 


Yu ^ yu» Mg = Xg, R<l, AK? [n? < 1, (16.85) 


we may replace the continuity relations (16.71) and (16.72) by the simpler 


ones 
1) — УЗ 26 V+ Yd (16.86) 


1 — ә 
п 2лћсе д n+l n+ n= 
n n-l n-i n= 





0,2 
2,4, 
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R 
ua = ut (16.87) 
n n+1 n=0,2 
n n—i n= 2, 4, 


and the dimensionless form of the dispersion relations (16.74) and (16.75) 
by the simpler ones 


26 26 
eg — 7 =, Eh? — LU LL ^w (16.88) 
0 201. + %) 1 209. + xe) 
where 
ô = e/a, Ô = Ea, Pu = Yu/Cee- (16.89) 


Similarly, the admittance condition (16.84) may be written in the form 


€». h % № 3 ki, iY| V 2H Cog hl, 
1 SU) | _ А віп & —-. (16.90 
Е а ( лд h g, 4 ni, (690) 

1 








Thus it is clear that the entire effect is contained in the relation 


ô — ô = R + (4k*[n?), (16.91) 
and 


д = (w/w) — 1, By < 0 < 09$. (16.92) 


Once the solution has been obtained, the driving current through re- 
gion 1 may be calculated. However, as already stated the electric-potential 
resultant Ф) must first be determined as a solution of the electrostatic 

1 


equation in region 1. The solution for Фф in region 1 proceeds in exactly 
the same manner as the solution for o in region 3, and with the same 
terms being negligible. In fact, the expression for 9? may be obtained from 
the expression for $ in (16.80) merely by replacing all lower scripts 3 
with lower scripts 1. In this way the expressions for DP’ and DP may be 
obtained from the expressions for D and р? in (16.81). Moreover, since 


region 1 is passive in relation to the driving circuit, we have 


J=— [ v + "be dA = — iw f (pe + р) dA. (16.93) 
1 A 1 1 A 1 1 
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Substituting in (16.93) from the expressions for р апа D(?, we obtain 
1 


I = — iwbl, 2. Fe V 30 — £R)es V 30 — Bee , y 
1 2h 2h(csQ ) EEn 1 
| (16.94) 


which, after the introduction of the approximations in (16.85), may be 
written in the form 


Е -1) Lou Aem h A И Eh 3 
1 





2% 
h E99 [, é 2 h 
1 
(16.95) 


2 лд h 


Since Aene] зз is known in terms of V/h from the solution, Eq. (16.95) de- 
1 


termines the admittance of the entire structure as seen by the driving circuit. 


„аА 
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INDEX 


A 


Abbreviated notation for material con- 
stants, 51 
Active element, 179-181 
Admittance, 179-181, 185, 194 
of monolithic structure, 202 
Ampere’s law, 26 
Angular momentum, conservation of, 11 
Anisotropic crystals, 35, 52/f, 85 
Antiresonant frequency, 158 
Antisymmetric tensor, 5, 20 
Axes 
Cartesian coordinate, 1 
Axial vector, 3 


B 
Body 
force, 11 
couple, 11 
Boundary conditions 
constraint, 47 
electrical, 25, 39 
homogeneous, 69ff, 74, 80, 155 
inhomogeneous, 66, 77, 154 
mechanical, 39 
natural, 47 
piezoelectric, 36, 39 
Branches 
on dispersion spectrum, 106, 109 
complex, 108/7 
imaginary, 108, 109 
real, 102/f, 109 


C 

Cartesian 

coordinates, 1 

tensor notation, 4, 5 
Complex notation, 181 
Conditions 

boundary, 25, 36, 39, 66, 69, 74, 77, 80 

constraint, 47 

edge, 152, 191/7 

initial, 39 

interior, 152 

junction, 192, 193 


Conduction 
electrical, 158, 179 
Conductance, 180 
Conservation 
of angular momentum, 11, 14 
of energy, 33 
of linear momentum, 11 
of mass, 11 
Constants 
dielectric, 35, 52/f 
elastic, 35, 520 
piezoelectric, 35, 52/ff 
Constitutive equations 
three-dimensional, 36 
isotropic, 59 
lithium niobate, 57 
lithium tantalate, 57 
2-monoclinic, 55, 56 
m-monoclinic, 57 
polarized ceramics, 55, 58 
quartz, 57 
32-trigonal, 57 
3m-trigonal, 58 
two-dimensional plate 
2-monoclinic, 160, 161 
Constraint 
variational, 97 
Correction factors, 149, 164, 167, 191 
Coupling factors, 89, 126 
Crystal point group symmetries 
hexagonal, 54, 55 
isotropic, 55 
m-monoclinic, 54 
2-monoclinic, 52 
32-trigonal, 53 
3m-trigonal, 54 


D 


Damping, 66, 166, 167 
Decay factor, 167 
Deformation, infinitesimal, 17/7 
Degenerate 
eigenvalues of symmetric matrix, 7 
form of Poynting’s vector, 29 
form of Poynting’s theorem, 29 
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Delta, Kronecker, 1 for strain tensor, 22 
Differential equations for stress tensor, 16 
homogeneous, 67 nondegenerate, 7 
inhomogeneous, 66 of symmetric matrix, 6 
three-dimensional of symmetric tensor, 6 
isotropic, 59 real, 6 
lithium niobate, 57 Eigenvectors 
lithium tantalate, 57 of symmetric matrix, 6 
2-monoclinic, 56 of symmetric tensor, 6 
m-monoclinic, 57 Elastic 
polarized ceramics, 58 constants, 35 
quartz, 57 plane waves, 85 
32-trigonal, 57 thickness vibration, 81/f 
3m-trigonal, 58 two-dimensional standing waves, 95/f 
two-dimensional plate Electric 
2-monoclinic, 161, 162 admittance, 179—181, 185, 194 
Dilatation, 24 boundary conditions, 25 
Dispersion curves charge density, 25 
for elastic plate, 109 conductance, 180 
for extensional mode, 106 current, 179 
for flexural mode, 106 displacement, 25 
for piezoelectric plate, 184 edge conditions, 152, 154/f 
for plane wave, 84, 86 enthalpy, 34, 148 
for thickness-shear, 196 field intensity, 25 
for thickness-shear and flexure, 184 polarization, 25 
Displacement potential, 26 
electrical, 25 potential resultant, 143 
mechanical, 18 voltage, 144, 157 
Dissipation, 166, 168 Electrode 
Divergence inertia of, 169 
of a vector, 4 mass loading of, 187 
of stress tensor, 14 plating, 168—169 
Dyadic, 4 shorted, 119 
| thin, 168 
Е Electromagnetic 
energy flux, 27ff 
Edge conditions, 152, 193 gauge, 27 
homogeneous, 155 potentials, 26, 27 
inhomogeneous, 154 Extensional waves 
Eigen solution dispersion curves for, 106 
expansion in, 135ff theory of, 114 
for coupled thickness-shear and flexural F 
vibrations of plates, 164—166 
for elastic thickness vibrations, 81/7 Faraday's law, 26 
for one-dimensional wave equation, 67ff Field 
for two-dimensional elastic standing wa- electric, 25 
ves, 95ff magnetic, 25 
for two-dimensional piezoelectric stand- mechanical displacement, 17/f 
ing waves, 119—121 Flexural waves 
Eigenvalues dispersion curves for, 106 
degenerate, 7 theory of, 114 
for elastic plane waves, 83, 85ff Flux 


for piezoelectric plane waves, 90 electromagnetic energy, 27 
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Forced vibrations, 66, 72, 75, 87 
steady state, 66 
Forcing voltage, 145, 158, 162, 196 
Free vibrations, 66 
Frequency 
antiresonant, 89, 158 
equation 
for coupled thickness-shear and flex- 
ure, 165 
for elastic thickness vibration, 85 
for piezoelectric thickness vibration, 92 
for a string, 70 
Rayleigh, 102 
resonant, 74, 76, 79, 89, 92, 167 


G 
Gauge 
electromagnetic, 27 
Gradient 


displacement, 18/7 

of a scalar, 3 

of a vector, 18 
Green’s theorem, 4 


H 


Hamilton’s principle 
for linear piezoelectric continuum, 44—46 
modification of, 47/f 
for particle and rigid body mechanics, 43 
Homogeneous 
boundary conditions, 72, 74, 80 
differential equations, 67 
edge conditions for plate equations, 156 
linear algebraic equations, 7, 85, 90, 
96, 97, 117, 119, 121, 165 
quadratic functions, 35, 36, 38 
Holonomic condition, 43 


I 
Imaginary 
number, 103, 181 
wavenumber, 108 
Improper rotation, 2 
Indicial notation, 1/f 
Inertia 
of electrode plating, 169, 187 
Infinite 
linear medium, 67 
piezoelectric medium 35, 36 
plate, 81 
Infinitesimal 
mechanical displacement, 18 
rotation, 19, 20 
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strain, 19, 20 
volume change, 23, 24 
Inhomogeneous 
boundary conditions, 77, 87ff, 130, 131, 
159 
differential equations, 65, 66, 154, 159, 
168 
edge conditions for plate equations, 152, 
154, 159, 196 
linear algebraic equations, 78, 89, 92 
Initial conditions, 39, 66 
Interior conditions for plate equations, 152 
Internal energy, 33, 36, 145 
Isotropic material, 55, 59 


J 


Junction conditions, 193 


K 


Kinetic energy, 33, 43, 145 
Kronecker delta, 1 


L 


Lagrange density, 43, 44 

Lagrangian multipliers, 8, 15, 21, 47ff 

Lamé solution, 102 

Least squares, 129ff, 134 

Levi-Civita symbol, 3 

Linear momentum 
conservation of, 11 
differential equation of, 14 

Linear piezoelectric equations, 36, 55/7 
lithium niobate, 53, 54, 57, 58, 60, 61 
lithium tantalate, 53, 54, 57, 58, 60, 61 


M 


Magnetic field, 25 
Magnetization, 25 
Mass loading of electrode, 169, 187 
Material constants, 59 
Matrix 
antisymmetric, 5 
notation for material constant, 51/f 
symmetric 
diagonal form, 7 
eigenvalues, 7 
eigenvectors, 7 
Maxwell's equations, 25 
Mean square error, 129, 131, 135, 136 
Mechanical 
displacement, 18 
forcing terms, 142, 143, 170 
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Momentum 
conservation of 
angular, 11 
linear, 11 
Multipliers, Lagrange, 8, 15, 21, 47 


N 


Natural boundary conditions, 47 
Neumann’s uniqueness theorem, 39 
Niobate, lithium, 53, 54, 57, 58, 60, 61 
Nonlinear piezoelectricity, xii, 18, 33, 34 
Notation 

compressed, 51/7 

indicial, 1/f 


tensor, 4ff 
vector, 1/7 
О 
Onoe’s theorem, 112 
Orthogonal 


coordinate transformation, 1, 2 

eigenvectors of symmetric matrix, 7 
Orthogonality 

conditions, 2 

of piezoelectric vibrations, 79, 80 

of scalar vibrations, 74, 75 

of trigonometric functions, 130 

of vectors, 2 


P 


Passive element, 179-181, 200 
Phase velocity, 68 
Piezoelectric coupling factors, 89, 126 
Piezoelectrically stiffened elastic constant, 
88 
Piezoelectricity 
linear, 33/f 
nonlinear, xii, 18, 33, 34 
Plane stress, 125 
Plate 
bounded, 132, 142 | 
constitutive equations, 151, 160—161 
correction factors, 149, 164, 167, 191 
edge conditions, 152, 193 
elastic, 81-87, 95/7 
electric enthalpy density, 145, 148 
infinitely wide, 81 
infinitesimally wide, 123ff 
interior conditions, 152 
internal energy density, 145, 149 
kinetic energy density, 145, 150 
piezoelectric, 87], 119/7 
rotated Y-cut quartz, 54 
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Plated plate 
constitutive equations, 174 
differential equations, 174 
Plating equations as boundary conditions, 
1757 
Point group symmetry, 51/f 
Polarization, 25 
Polarized ceramics, 54, 55, 58, 61 
Polar vector, 3 
Potential 
electric, 26ff 
resultant, 142-143 
scalar, 26/f 
vector, 26/f 
Poynting's theorem, 28 
quasi-static form, 31 
Poynting's vector, 28, 29 
quasi-static form, 31 
Proper rotation, 2 


Q 


Quality factor, 167 
Quartz crystal, 53, 54 
constitutive equations, 55-57 
differential equations, 56-57 
material constants for 
A-T cut, 58 
referred to crystal axes, 59 
rotated Y-cut, 54 
truncated plate equation for, 160-162 
Quasi-static 
electric field, 30/f 
Poynting's vector, 31 


R 

Rayleigh 

frequency equatjon, 102 

surface wave velocity, 118 
Real 

branches, 106, 108 

wavenumbers, 102/f 
Residual solution, 155ff 
Resonance 

denominator, 74, 158 

frequency of, 74, 158 
Rotated Y-cut quartz plate, 54 
Rotation 

of Cartesian axes, 1-2 

infinitesimal, local, 20-23 


S 
Scalar, 4 
electric potential, 26-27 
Scalar product, 3 
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Series 
expansion, 141 ff 
truncation of, 145ff 
Shear 
strain, 22 
stress, 16 7 
thickness, 149, 162, 182, 192 
approximation, 185 ff 
Shorted electrodes, 119 
Solution 
auxiliary, 155/f, 163ff 
residual, 155/f, 1637 
uniqueness of, 37ff, 1517 
Standing waves, 68/f 
Stationary 
normal strain, 21/f 
normal stress, 15/f 
value of a function, 8 
value of a functional, 42/7 
Steadystate, 68 
Stiffened elastic constants, 88 
Stokes theorem, 4 
Strain 
plate components, 143 
tensor, 21/f 
Stress 
resultants, 142, 170 
tensor, 12/7 
Structure 
monolithic, 183/F 
Surface 
bounding, 81, 95, 142 
of discontinuity, 47/ff, 139, 184, 193 
plating оп, 169ff, 183, 187 
traction, 11/f 
waves, 116/F 
Susceptance, 180 
Symmetric 
matrix, 6 
eigenvalues of, 6 
eigenvectors of, 7 
tensors, 6, 14ff, 19ff 
Symmetry 
of crystals 
hexagonal, 54, 55 
m-monoclinic, 53, 54 
2-monoclinic, 52 
triclinic, 52 
trigonal, 53 


T 


Tantalate, lithium 53, 57-58, 60-61 
Tensor 


211 


antisymmetric, 5 
dielectric, 35, 52/f 
elastic, 35, 52/f 
Kronecker, 1 
Levi-Civita, 3 
piezoelectric, 35, 52/f 
rotation, 19/7 
skew-symmetric, 3 
strain, 19/f 
stress, 12/f 
symmetric, 6 
Tetrahedron, elementary, 12 
Thickness 
coordinate expansion in, 141/f 
of electrode plating, 171 
shear, 149, 162, 182, 192 
approximation, 185/7 
dispersion curves, 197 
stretch, 147 
vibrations, 81/f, 100, 121/f, 133, 187ff 
wavenumbers, 102-103 
Time decay factor, 167 
Traction vector, 11/f 
Transformation 
equations for components of vectors, 2 
equations for components of tensors, 5 
of Hamilton’s principle, 47ff 
orthogonal, 2 
improper, 2 
proper, 2 
Traveling wave, 67 
Truncation of series, 145/7 


U 


Uniqueness of solution 
of the equations of linear piezoelectricity, 
37ff 
of the truncated plate equations, 157/f 
Units, 32 


V 
Variation 
constrained, 43, 47/ff 
free, 48ff 


of a function, 41 

of a functional, 42 
Variational 

approximation techniques, 47/f 

calculus, 41-43 
Vector 

axial, 3 

curl of, 4 
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divergence of, 4 scalar, 68 f 
electric displacement, 25 Steady-state, 66 
electric field, 25 thickness 
gradient of, 18-19 elastic, 81/f 
local rotation, 20/7 piezoelectric, 100, 121/f, 133 
magnetic field, 25 thickness-shear, 187/f 
magnetic flux, 25 Virtual work, 43-44 
magnetization, 25 Voltage, 144, 157 
mechanical displacement, 18/f 
polar, 3 | W 
polarization, 25 Wave 
potential, 26/F equation, 65 
Poynting, 28ff number 
degenerate form of, 31 complex, 108/7 
traction, 11 ff imaginary, 108 
transformation of components of, 2 real, 1027 
Velocity standing, 68/f 
of propagation, 68 traveling, 67 
in infinite medium Waves 
elastic, 82 elastic, 81ff, 95ff 
piezoelectric, 90 in infinite medium 81/f, 87ff 
surface wave, 118 piezoelectric, 87ff, 119/7 
phase, 68 plane, 81/f, 87ff 
Vibrations plate, 81/7 
forced, 66, 72, 75, 87 surface, 116/f 


free, 66 Work, 33, 43-44 


